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ABS~rRAO~r
The enzyme g a m m a -g lu ta m y l  t r a n s p e p t i d a s e  (GGT) has 
been i n v e s t i g a t e d  i n  d e t a i l ,  w i t h  r e s p e c t  t o  b o t h  i t s  c a t a l y t i c  
a c t i o n  and i t s  i n v o l v e m e n t  i n  am ino  a c i d  t r a n s l o c a t i o n  a c r o s s  c e l l  
m em b ran es .
A n o v e l  s o u r c e  o f  t h i s  enzyme was d i s c o v e r e d ,  C a c o -2  c e l l  
m o n o l a y e r s  w h i c h  show s i m i l a r  c h a r a c t e r i s t i c s  t o  t h o s e  o f  t h e  s m a l l  
i n t e s t i n e .  The c a t a l y t i c  a c t i o n  o f  t h e  enzyme i n  t h e  c e l l s ,  was 
shown t o  be s i m i l a r  t o  t h a t  o f  an i s o l a t e d  p u r i f i e d  GGT, ( b o v i n e  
k i d n e y )  o b t a i n e d  commer i c a l 1 y .
The C a co -2  c e l  1 m o n o l a y e r s  we re  used as an i n  v i t r o  model t o  
s t u d y  t h e  t r a n s l o c a t i o n  o f  a m ino  a c i d s  and d i p e p t i d e s  a c r o s s  t h e s e  
b i o l o g i c a l  membranes.  The movement o f  s e l e c t e d  s u b s t r a t e s  
was s t u d i e d  u s i n g  r a d i o c h e m i c a l  t e c h n i q u e s .  These s t u d i e s  s t r o n g l y  
s u g g e s t  t h e  e x i s t e n c e  o f  tw o  d i s t i n c t  t r a n s p o r t  p a th w a y s  : an a c t i v e  
p a th w a y  w h ic h  i s  u n i d i r e c t i o n a l , c a r r i e r - m e d i a t e d , s a t u r a b l e ,  
t e m p e r a t u r e  d e p e n d e n t  and some way d e p e n d e n t  on GGT; a seco n d  
t r a n s l o c a t i o n  p a th w a y  w h i c h  i s  p a s s i v e ,  b i d i r e c t i o n a l ,  t e m p e r a t u r e  
i n d e p e n d e n t  and n o t  d i r e c t l y  a f f e c t e d  by GGT. T h i s  e v i d e n c e  i s  t h e  
s t r o n g e s t  t h u s  f a r ,  t o  s u g g e s t  t h e  i n v o l v e m e n t  o f  GGT, i n  t h e  
t r a n s l o c a t i o n  o f  am ino  a c i d s .  How eve r ,  i t  c a n n o t  be e s t a b l i s h e d  i f  
GGT i s  d i r e c t l y  i n v o l v e d ,  i e :  v i a  t h e  g a m m a -g lu ta m y l  c y c l e  o r  
w h e t h e r  i n d i r e c t l y  v i a  t h e  c a t a l y t i c  f o r m a t i o n  o f  a ’ m e s s e n g e r ’ 
w h i c h  r e g u l a t e s  t h e  p a s s i v e  p a th w a y .
A s e r i e s  o f  g a m m a -g lu ta m y l  d o n o r s ,  a c c e p t o r s  and i n h i b i t o r s ,  
w e re  s y n t h e s i s e d  and used  t o  p r o b e  t h e  a c t i v e  s i t e  o f  t h e  c a t a l y t i c  
a c t i o n  o f  t h i s  enzyme.  S t u d i e s  o f  t h e  tw o  h a l v e s  o f  t h e  p i n g - p o n g  
m echan ism  v i a  a g a m m a -g lu ta m y 1-enzym e  i n t e r m e d i a t e  a l l o w e d  p r o b i n g  
o f  t h e  g a m m a -g lu ta m y l  d o n o r  and t h e  a c c e p t o r  s i t e  r e s p e c t i v e l y .  
E v i d e n c e  f o r  t h r e e  d i s t i n c t  b i n d i n g  s i t e s  was shown,  w h i c h  c o u l d  be 
f i t t e d  t o  t h e  shape  o f  g l u t a t h i o n e ,  p r o b a b l y  t h e  n a t u r a l  d o n o r .
The g a m m a -g lu ta m y l  d o n o r  was shown t o  be n o n - s t e r e o s p e c i f c , 
a l t h o u g h  i t s  s p e c i f i c i t y  t o w a r d s  c h a i n  l e n g t h  was shown t o  be 
g r e a t e r  t h a n  10^ , w i t h  r e s p e c t  t o  ( 3 - a s p a r t y l  and g a m m a - g lu t a m y l .  
The s i t e  was shown f o r  t h e  f i r s t  t i m e  t o  r e q u i r e  b o t h  an a - a m in o  
and an a - c a r b o x y l i c  a c i d  f u n c t i o n a l  g r o u p  t o  u n d e rg o  b i n d i n g .  The 
o n l y  t y p e  o f  g a m m a -g lu ta m y l  d o n o r s  were  t h o s e  w i t h  a s e c o n d a r y
gamma-amide b o n d .
I n  c o n t r a s t  t h e  a c c e p t o r  s i t e  was shown t o  be s t e r e o s p e c i f i c ,  
o n l y  a l l o w i n g  L - i s o m e r s  t o  u n d e r g o  t r a n s p e p t i d a t i o n , w h i l e  o n l y
r e q u i r i n g  an a - a m in o  and an a - c a r b o n y l  g r o u p .  The a c c e p t o r
c a p a b i l i t y  o f  a p a r t i c u l a r  s u b s t r a t e ,  i s  d e p e n d e n t  upon tw o  
f a c t o r s .  F i r s t l y  t h e  pK o f  i t s  a - a m in o  g r o u p ,  s i n c e  t h e  pH o f  t h e  
s o l u t i o n  w i l l  d e t e r m i n e  t h e  amount  o f  f r e e  base  p r e s e n t ,  w h i c h  i s  
a b l e  t o  a t t a c k  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  The secon d  
f a c t o r  i s  g o v e rn e d  by i t s  s t r u c t u r e , i f  i t  b i n d s  o n l y  t o  t h e
a c c e p t o r  o r  w h e t h e r  i t  b i n d s  t o  b o t h  t h e  a c c e p t o r  and
g a m m a -g lu ta m y l  b i n d i n g  s i t e s ,  t h u s  i n h i b i t i n g .
I t  was a l s o  d e m o n s t r a t e d  t h a t  s u b s t r a t e s  w h ic h  a r e  a b l e  t o
i n t e r a c t  w i t h  t h e  c a r b o x y  t e r m i n u s  b i n d i n g  s i t e ,  i e ;  t h e  t h i r d
s i t e ,  have a c o o p e r a t i v e  e f f e c t  on t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e ,  
t h u s  s t i m u l a t i n g  t h e  h y d r o l y s i s  o f  d o n o r s .  Such compounds i n c l u d e  
m a le i  c a c i d ,  N - a c e t y l - g l y c i n e ,  ami n o a c y l - g l y c i n e s  and c e r t a i n  
d o n o r s  i e :  g l u t a t h i o n e  and gamma-g1u t a m y 1 - p - n i t r o a n i 1 i d e .
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I . 1 IntEoduczti on
The a b s o r p t i o n  and t r a n s p o r t  o f  am ino  a c i d s  and o l i g o p e p t i d e s  
t h r o u g h  c e l l  membranes has  had c o n t i n u e d  i n t e r e s t  o v e r  t h e  p a s t  60 
y e a r s ,  e s p e c i a l l y  t r a n s p o r t  t h r o u g h  t h e  g u t  because  o f  i t s  
r e l e v a n c e  t o  n u t r i t i o n  and h e a l t h . M o r e  r e c e n t l y  t h e  
a b s o r p t i o n  o f  p e p t i d e  d r u g s ^ ,6 and t r a n s p o r t  o f  o t h e r  compounds 
a c r o s s  t h e  b l o o d - b r a i n  b a r r i e r ^ " ®  and o t h e r  b i o l o g i c a l  
membranes^0 has r e c e i v e d  m os t  o f  t h e  a t t e n t i o n .  Many
w o r k e r s ^ i i s  have  s t u d i e d  t h e  u p t a k e  and t r a n s p o r t  o f  am ino  a c i d s  
and o l i g o p e p t i d e s  by  human g u t  e p i t h e l i a l  c e l l s ,  u s i n g  i s o l a t e d  
m uc os a l  o r  e v e r t e d  i n t e s t i n a l  r i n g s  ( s e e  S e c t i o n  1 . 3 ) ,  These  
s t u d i e s  have been ham pered  by t h e  aw kwardness  o f  t h e  t e c h n i q u e ,  
h o w e v e r ,  s e v e r a l  l i m i t a t i o n s  have  been o ve rcom e  by t h e  use o f  c e l l  
l i n e s  w h ic h  can  be g rown  on a m i c r o p o r o u s  s u p p o r t .  C aco -2  c e l l s  a r e  
su c h  a c e l l  l i n e  f o r m i n g  a t i g h t  d i f f e r e n t i a t e d  m o n o la y e r  s h o w in g  
c h a r a c t e r  i s t i  c p r o p e r t i e s  o f  t h e  s m a l l  i  n t e s t i  ne"*  ^  ^® ( s e e  
S e c t i o n  1 . 7 ) .  P r e v i o u s  r e s e a r c h  i n  t h i s  l a b o r a t o r y  has  i n v e s t i g a t e d  
t h e  t r a n s p o r t  o f  v i t a m i n  B i 2 t h r o u g h  C aco -2  c e l l  
m o n o l a y e r s , 1 8 , 1 9  t h e  r e s e a r c h  i s  now b e i n g  e x t e n d e d  i n  t h i s  
t h e s i s  by s t u d y i n g  t h e  t r a n s p o r t  o f  am ino a c i d s  and d i p e p t i d e s .
Gamma-g1u t a m y 1 t r a n s p e p t i d a s e  (GGT) [ E . C . 2 . 3 . 2 . 2 ]  i s  t h e  o n l y  
enzyme t h u s  f a r  t h a t  has  been shown t o  be i n v o l v e d  i n  some manner  
i n  am ino  a c i d  t r a n s l o c a t i o n  a c r o s s  some b i o l o g i c a l  
membranes.  H o w eve r ,  t h e r e  i s  s t i l l  c o n t r o v e r s y  as  t o  w h e t h e r  GGT i s  
d i r e c t l y  i n v o l v e d  i n  t h e  t r a n s l o c a t i o n  m echan ism ,  as p a r t  o f  t h e  
g a m m a -g lu ta m y l  c y c l e ,  o r  i n d i r e c t l y  by c a t a l y s i n g  t h e  f o r m a t i o n  o f ;
some " m e s s e n g e r "  w h i c h  a c t i v a t e s  a t r a n s l o c a t i o n  p r o c e s s ^ o  « 21 
( s e e  S e c t i o n s  1 . 2 ,  1 .5  & 1 . 6 ) .
The enzyme GGT i s  g e n e r a l l y  c l a s s e d  as a p e p t i d a s e ,  b u t  u n l i k e  
o t h e r  p e p t i d a s e s  GGT has  a h i g h  s p e c i f i c i t y ,  i e :  f o r  t h e
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gamma-g1U tam y 1 m o i e t y ,  f o r m i n g  an i n t e r m e d i a t e  w h i c h  i s  s i m i l a r  t o  
t h e  t r a n s i t i o n - s t a t e  o f  p r o t e a s e , 2 2 - 2  5 -jn p a r t i c u l a r  s e r i n e  
p r o t e a s e s  ( s e e  S e c t i o n  1 . 8 ) .  The c a t a l y t i c  a c t i o n  o f  GGT has  been 
i n v e s t i g a t e d  by v a r i o u s  w o r k e r s  e v e r  s i n c e  i t s  a c t i v i t y  was f i r s t  
o b s e r v e d  o v e r  70 y e a r s  ago^e ( s e e  S e c t i o n  1 . 1 0 ) .  The r e s u l t s  f r o m  
v a r i o u s  s t u d i e s  a r e  s t i l l  n o t  c o n c l u s i v e  and t h e  t r u e  r o l e  o f  t h i s  
enzyme has  y e t  t o  be p r o v e n .
The g e n e r a l  a im s  o f  t h i s  t h e s i s  a r e :
1) To use  C a co -2  c e l l  m o n o l a y e r s  t o  s t u d y  t h e  t r a n s p o r t  o f  am ino  
a c i d s  and d i p e p t i d e s  and t e s t  f o r  t h e  i n v o l v e m e n t  o f  GGT i n  t h i s  
t r a n s l o c a t i o n  p r o c e s s .
2 )  To i s o l a t e  and c h a r a c t e r i s e  GGT f r o m  C a c o -2  c e l l s  and com pare  
w i t h  GGT f r o m  o t h e r  s o u r c e s .
3 )  To s t u d y  f u r t h e r  t h e  c a t a l y t i c  a c t i o n  o f  GGT, e s p e c i a l l y  t o  g a i n  
i n f o r m a t i o n  a b o u t  t h e  a c t i v e  s i t e .
1 . 2 c a o L m m ^ — O T  u  t a m v  1
M e i s t e r 2 7 f i r s t  p r o p o s e d  t h e  g a m m a -g lu ta m y l  c y c l e ,  f o r  t h e  
b i o s y n t h e s i s  and d e g r a d a t i o n  o f  g l u t a t h i o n e .  S i n c e  t h e n  i t  has  been 
h y p o t h e s i s e d  by  M e i s t e r  and c o w o r k e r s ^ 8 , 2 a t h a t  t h e  c y c l e  m i g h t  
be a mechan ism f o r  t h e  u p t a k e  o f  am ino  a c i d s  and s m a l l  p e p t i d e s  i n  
c e l l s .  The g a m m a -g lu ta m y l  c y c l e  as  d e p i c t e d  i n  F i g u r e  1 . 1 ,  i s  a 
p r o c e s s  i n v o l v i n g  6 s t a g e s ,  u t i l i s i n g  t h e  n a t u r a l  g a m m a -g lu ta m y l
d o n o r ,  g l u t a t h i o n e . ^7
Gamma-g1u t a m y 1 t r a n s p e p t i  dase  (GGT) [ E . C . 2 . 3 . 2 . 2 ]  c a t a l y s e s  t h e  
f i r s t  e n z y m ic  s t e p  i n  t h e  c o n c e r t e d  a c t i o n  o f  t h i s  t r a n s l o c a t i o n  
m echan ism .  The enzyme,  l o c a t e d  on t h e  e x t e r n a l  f a c e  o f  t h e  p la s m a  I 
o f  c e l  I s , 30-31 u t i l i s e s  e x t r a c e l l u l a r  am ino a c i d s  o r  p e p t i d e s  and 
i n t r a c e l l u l a r  g l u t a t h i o n e ,  t o  f o r m  gamma-g1 u t a m y 1 - a m i n o  a c i d s  w h ic h  
a r e  t r a n s l o c a t e d  i n t o  t h e  c e l  1 . 3 8 , 2 9 , 3 3
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F i g u r e  1 . 1 :  The Gamm a-G lu tamy1 C y c l e  as P ro p o s e d  by M e i s t e r . 2 7
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The b y - p r o d u c t  c y s t e i n y 1g l y c i n e  i s  h y d r o l y s e d  by a s p e c i f i c  
p e p t i d a s e  l i b e r a t i n g  c y s t e i n e  and g l y c i n e ,  w h i c h  a r e  used l a t e r  i n  
t h e  r e g e n e r a t i o n  o f  g l u t a t h i o n e .  The gamma-g 1u t a m y 1 - a m in o  a c i d  
e n t e r s  t h e  c e l l  and e n c o u n t e r s  t h e  i n t r a c e l l u l a r  enzyme 
ga m m a - g l u t a m y 1 - c y c l o t r a n s f e r a s e . T h i s  c a t a l y s e s  t h e  c o n v e r s i o n  o f  
gamma-g1u t a m y 1- a m i n o  a c i d s  t o  t h e  c o r r e s p o n d i n g  f r e e  a m in o  a c i d s  
and 5 - o x o p r o l i n e . The 5 - o x o p r o l i n e  t o g e t h e r  w i t h  c y s t e i n e  and 
g l y c i n e  a r e  c o n v e r t e d  b a c k  t o  g l u t a t h i o n e  v i a  t h r e e  more enzym es :  
5 - o x o p r o l i n a s e , g a m m a - g l u t a m y l - c y s t e i ne s y n t h e t a s e  and g l u t a t h i o n e  
s y n t h e t a s e .  Each s t e p  o f  t h e  r e g e n e r a t i o n  r e q u i r e s  e n e r g y  i n  t h e  
f o r m  o f  ATP i n  t h e  f o r w a r d  d i r e c t i o n .  T h u s ,  t h e  t r a n s p o r t  o f  am ino  
a c i d s  i s  m e d ia t e d  by t h e  g a m m a -g lu ta m y l  m o i e t y  s e r v i n g  as a 
c a r r i  e r . 2 8 , 2 9 , 3 1
—  4 —
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1 .3 T" r~^ n:Si30 r~~t:. of /Vmino i
a n d  P i  i d & ^
The t r a n s p o r t  a c r o s s  c e l l  membranes o f  a m in o  a c i d s ,  l i k e  t h a t  o f  
a number  o f  o t h e r  com pounds ,  i s  g e n e r a l l y  t h o u g h t  t o  be a m u l t i s t e p  
p r o c e s s  i n  w h i c h  t h e  a m in o  a c i d  i s  f i r s t  bound t o  an a c t i v e  s i t e  on 
t h e  c e l l  m e m b r a n e . 11 ' 13 T r a n s l o c a t i o n  o f  t h e  am ino  a c i d  ( o r  an 
am ino  a c i d - c a r r i e r  c o m p le x )  t o  t h e  i n s i d e  o f  t h e  c e l l  can  t h e n  
o c c u r .  T h i s  p r o c e s s  i s  f o l l o w e d  by r e l e a s e  o f  t h e  am ino  a c i d  f r o m  
t h e  c a r r i e r .  T h e re  i s  much e v i d e n c e  t h a t  e n e r g y  i s  needed f o r  such  
t r a n s p o r t  a n d , a c c o r d i n g  t o  some h y p o t h e s e s ,  i t  i s  r e q u i r e d  f o r  t h e  
r e a c t i v a t i o n  o r  r e g e n e r a t i o n  o f  t h e  c a r r i e r ,  w h i c h  may be 
i n a c t i v a t e d  o r  d e s t r o y e d  d u r i n g  t r a n s p o r t . 1 1 , 1 2 , 2 4
Am ino  a c i d s  and d i p e p t i d e s  can be t r a n s p o r t e d  t h r o u g h  t h e  g u t  
e p i t h e l i a l  c e l l s  by an a c t i v e  m echan ism ,  i e :  a g a i n s t  a
c o n c e n t r a t i o n  g r a d i e n t ,  t h i s  p r o c e s s  i s  e n e r g y  d e p e n d e n t  
c a r r i e r - m e d i a t e d  and s a t u r a b l e . 1  ^ From t h e  e x t e n s i v e
s t u d i e s , 1 6 , 3 5  t h e r e  i s  d i s a g r e e m e n t  as  t o  t h e  a c t u a l  number o f  
s e p a r a t e  p a t h w a y s / c a r r i e r s , a l t h o u g h  m os t  a g r e e  t h e r e  a r e  s e v e r a l  
c a r r i e r s  f o r  am ino  a c i d s  and a d i s t i n c t  c a r r i e r  f o r  o l i g o p e p t i d e s ,  
t h e  l a t t e r  g e n e r a l l y  b e i n g  t r a n s p o r t e d  f a s t e r  t h a n  t h e  r e s p e c t i v e  
c o m pon en t  am ino  a c i d s . i 3 ,3 6  T h i s  i s  h i g h l i g h t e d  by s e v e r a l  
s t u d i e s  on p a t i e n t s  s u f f e r i n g  f r o m  H a r t n u p  d i s e a s e  and c y s t i n u r i c ,  
i n  w h i c h  t h e y  have  i m p a i r e d  u p t a k e  o f  c e r t a i n  am ino  a c i d s ,  
a d m i n i s t r a t i o n  i n  a d i p e p t i d e  f o r m  r e s u l t s  i n  no rm a l  
a b s o r p t i  o n . 1 , 2 , 3 7 , 3 a
The a c t i v e  t r a n s p o r t  o f  a m in o  a c i d  and d i p e p t i d e s  has been shown 
t o  be a c c o m p a n ie d  by t h e  c o - t r a n s p o r t  o f  Na+ a n d / o r  
a l t h o u g h  t h i s  a s p e c t  i s  n o t  c o n s i d e r e d  i n  t h i s  s t u d y .  E v i d e n c e  f o r  
a p a s s i v e  n o n - m e d i a t e d , t r a n s l o c a t i o n  p r o c e s s  i s  s p a r c e ,  a l t h o u g h  
one has  been r e p o r t e d i 3 , 1 s f o r  t h e  u p t a k e  o f  d i p e p t i d e s  i n  
h a m s t e r  j e j u n u m ,  a l b e i t  M a t t h e w s  e t  a l . ^ , 1 3 , 1 s c o n c l u d e d  t h a t
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t h i s  was n o t  a  m a jo r  m echan ism  i n  t h e  t r a n s p o r t  o f  am ino  a c i d s .
1.4 T~ St K3c:> r~~tt o f  Q^mmo.— C3 1 u t a m y  1—  A m i  n o  A o  i cJst
I n  a g r e e m e n t  w i t h  t h e  p r o p o s e d  gamma-g 1u t a m y 1 c y c l e  ( s e e  
S e c t i o n  1 . 2 )  and i t s  i n v o l v e m e n t  i n  t h e  t r a n s p o r t  o f  am ino  a c i d s ,  
i t  i s  t h e  gamma-g1 u t a m y 1- a m i n o  a c i d s  w h ic h  a r e  a c t u a l l y  t r a n s p o r t e d  
a c r o s s  c e l l  membranes.  E v i d e n c e  f o r  t h i s  comes f r o m  t h e  d i r e c t  
o b s e r v a t i o n  o f  gamma-g1 u t a m y 1 - a m i  no a c i d  u p t a k e  a f t e r
a d m i n i s t r a t i o n  t o  m i c e ^  U p ta k e  o f  g a m m a - g l u t a m y l - m e t h i o n i n e  
s u I f o n e , a p o o r l y  m e t a b o l i s e d  compound,  by t h e  k i d n e y  was much 
g r e a t e r  t h a n  t h a t  o f  t h e  c o r r e s p o n d i n g  f r e e  am ino  a c i d .  I n  a s t u d y  
o f  t h e  u p t a k e  o f  t h i s  i 0 - 1  a b e l  l e d  model s u b s t r a t e ,  i t  was f o u n d  
t h a t  t h e  k i d n e y  has a r e l a t i v e l y  s p e c i f i c  t r a n s p o r t  s y s te m  f o r  a l l  
g a m m a -g lu ta m y l  am ino  a c i d s ,  1 w h i c h  was u n a f f e c t e d  by am ino  
a c i d s , ' * ®  I t  may w e l l  c o i n c i d e  w i t h  t h e  g l u t a t h i o n e  
p a th w a y . * ®  Such a t r a n s p o r t  s y s te m  has been r e p o r t e d  t o  be 
p r e s e n t  t o  some e x t e n t  i n  o t h e r  t i s s u e s ,  i e :  l i v e r  and t h e
p a n c r e a s . * *  Under  p h y s i o l o g i c a l  c o n d i t i o n s  gamma-g1u t a m y 1- a m i n o  
a c i d s  m i g h t  be h y d r o l y s e d  a t  t h e  membrane and t h e  a m in o  a c i d  
p r o d u c t s  may be t r a n s p o r t e d .  H o w eve r ,  in  v i v o  s t u d i e s  showed
t r a n s p o r t  o f  i n t a c t  g a m m a - g lu t a m y l - a m i  no  a c i d s  and i n c r e a s e d  
f o r m a t i o n  o f  5 - o x o p r o l i n e  a f t e r  s u s p e n s io n  o f  r a t  k i d n e y  s l i c e s  i n  
m e d ia  c o n t a i n i n g  gamma-g1u t a m y 1- a m i n o  a c i d s . * ®  I n  t h e  k i d n e y ,
gamma-g1u t a m y 1 - a m i n o  a c i d  u p t a k e  t a k e s  p l a c e  p r e d o m i n a t e l y  f r o m  t h e  
a p i c a l  s i d e  r a t h e r  t h a n  t h e  b a s o l a t e r a l  s i d e  o f  t h e  membrane i n  
a c c o r d a n c e  w i t h  t h e  GGT b e i n g  p r e d o m i n a t e l y  on t h e  a p i c a l  
s i  d e . 3 1 ' 3  2
I n d i r e c t  e v i d e n c e  t h a t  g a m m a - g lu t a m y l - a m i  no a c i d s  a r e  
t r a n s l o c a t e d  i n t o  c e r t a i n  c e l l s  was o b t a i n e d  i n i  s t u d i e s  i n  w h i c h  
a d m i n i s t r a t i o n  o f  a 5 - o x o p r o l i n a s e  i n h i b i t o r  t o  m ic e ,  l e d  t o
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a c c u m u l a t i o n  o f  5 - o x o p r o l i n e  i n  t h e  t i s s u e . * ®  A d d i t i o n a l  e v i d e n c e  
f o r  t r a n s p o r t  o f  gamma-g1u t a m y 1- a m i n o  a c i d s  a r o s e  f r o m  t h e  f i n d i n g  
t h a t  a d m i n i s t r a t i o n  o f  a m in o  a c i d s  t o  m ic e  l e d  t o  d e c r e a s e d  
g l u t a t h i o n e  l e v e l s  and i n c r e a s e d  5 - o x o p r o l i n e  l e v e l s . * ®  The se  
o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  v ie w  t h a t  t r a n s l o c a t i o n  o f  
g a m m a - g lu t a m y l - a m i  no a c i d s  i n t o  t h e  c e l l  o c c u r s ,  f o l l o w e d  by  
i n t r a c e l l u l a r  c l e a v a g e  by gamma-g1u t a m y 1 c y c l o t r a n s f e r a s e  t o  f o r m  
am ino  a c i d s  and 5 - o x o p r o l i n e  a s ,  d e s c r i b e d  by t h e  gamma-g1u t a m y 1 
c y c l e .
1 .5  I m v o T  o f  Q O T  i n  t s P i  ^T  r a n s o o r t  o~P A m  i n o  Ac: i d s
The h y p o t h e s i s  t h a t  t h e  gamma-g 1u ta m y 1 c y c l e  i s  i n v o l v e d  i n  
am ino  a c i d  t r a n s p o r t  a r o s e  f r o m  t h e  r e c o g n i t i o n  t h a t  t h e  c y c l e  
e x h i b i t s  f e a t u r e s  t h a t  f u l f i l l  t h e  r e q u i r e m e n t s  f o r  a c t i v e  
t r a n s p o r t  as d i s c u s s e d  p r e v i o u s l y  i n  S e c t i o n  1 . 3 .
I t  i s  p o s s i b l e  t o  f o r m u l a t e  mechan isms based  e s s e n t i a l l y  on  
e n z y m o l o g i c a l  c o n s i d e r a t i o n s .  Thu s ,  a c c o r d i n g  t o  t h e  h y p o t h e t i c a l  
scheme as shown i n  F i g u r e  1 . 2 ,  t h e  am ino  a c i d  t o  be t r a n s p o r t e d  
b i n d s  n o n - c o v a l e n t l y t o  a s i t e  on t h e  membrane ( a ) ;  a g r o u p  X on 
t h e  m embrane-bound GGT i n t e r a c t s  w i t h  t h e  gamma-g1u t a m y 1 m o i e t y  o f  
g l u t a t h i o n e  t o  y i e l d  a gamma-g1u t a m y 1-enzym e  i n t e r m e d i a t e  ( b ) ,  and 
c y s t e i n y l g l y c i n e  i s  r e l e a s e d .  A t t a c k  by t h e  a - a m in o  g r o u p  o f  t h e  
a m in o  a c i d  on t h e  gam m a-ca rbon  a tom o f  t h i s  c o m p le x  y i e l d s  t h e  
gamma-g1u t a m y 1- a m i n o  a c i d  ( c ) . 2 8 , 2 9  The f o r m a t i o n  o f  t h e  gamma- 
g l u t a m y l - a m i  no a c i d  i s  a s s o c i a t e d  w i t h  i t s  re m o v a l  f r o m  t h e  b i n d i n g  
s i t e  on t h e  membrane and movement  o f  t h e  m o i e t y  i n t o  t h e  c e l l .  T h i s  f  
may o c c u r  t h r o u g h  a s p a c e  i n  t h e  membrane o r  i s  p o s s i b l y  
f a c i l i t a t e d  by a c o n f o r m a t i o n a l  change  i n  t h e  membrane,  o r  t h e  
membrane-bound  enzyme.
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F i g u r e  1 . 2 :  H y p o t h e t i c a l  Scheme f o r  t h e  T r a n s l o c a t i o n  o f  Amino
A c i d s  T h ro u g h  C e l l  Membranes v i a  GGT.
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Much i n d i r e c t  e v i d e n c e  s u p p o r t s  t h e  o p e r a t i o n  o f  t h e  
g a m m a -g lu ta m y l  c y c l e  and i t s  i n v o l v e m e n t  i n  t h e  t r a n s p o r t  o f  am ino  
a c i d s .  F o r  e x a m p le ,  c o n s i d e r a b l e  i n f o r m a t i o n  on t h e  a c t i v i t i e s  o f  
t h e  gamma-g1u t a m y 1 c y c l e  enzymes i n  mammal ian t i s s u e s ,  b o t h  i n  
v i v o  and i n  v i t r o  has been o b t a i n e d .  S p e c i a l i s e d  s i t e s  o f  am in o  
a c i d  t r a n s p o r t  have  been shown t o  c o n t a i n  h i g h  GGT a c t i v i t y ,  i e :  
k i d n e y ,  b r a i n ,  r e n a l ,  l a c t a t i n g  mammary g l a n d ,  p l a c e n t a  membrane 
and i n t e s t i n a l  b r u s h  b o r d e r s . 4 7 - 5 2  How eve r ,  t h e r e  i s  s t i l l  
s i g n i f i c a n t  d e b a te  s u r r o u n d i n g  t h e  h y p o t h e s i s  t h a t  t h e  
gamma-g1u t a m y 1 c y c l e  i s  i n v o l v e d  i n  t h e  t r a n s p o r t  o f  a m ino  a c i d s  i n  
mammal ian c e l l s .  Many i n v e s t i g a t i o n s  have been c a r r i e d  o u t  t o  
ex a m in e  t h e  p a r t i c i p a t i o n  o f  GGT i n  am ino  a c i d  t r a n s p o r t °  
O t h e r  w o r k e r s  a l s o  f o u n d  t h a t  t h e  b u l k  u p t a k e  o f  am ino  a c i d s  by 
y e a s t  was n o t  r e l a t e d  t o  GGT a c t i v i t y . ® 3  I noue e t  a l . ® 7  
d e m o n s t r a t e d  t h e  l a c k  o f  f u n c t i o n a l  c o r r e l a t i o n  o f  t h e  c a t a l y t i c
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a c t i v i t y  o f  GGT w i t h  am ino  a c i d  t r a n s p o r t  i n  r a t  a s c i t e s  t u m o r  c e l  1 
l i n e  L Y - 5 .
I n  c o n t r a s t  t o  t h e  a b o v e ,  G ra v e y  e t  a l . *8 c o r r e l a t e d  t h e  
l o c a l i z a t i o n  and c h a r a c t e r i s t i c s  o f  i n t e s t i n a l  GGT w i t h  t h e  
f e a t u r e s  o f  i n t e s t i n a l  a m in o  a c i d  a b s o r p t i o n , and s u p p o r t e d  i t s  
p o s s i b l e  r o l e  i n  am ino  a c i d  t r a n s p o r t .  S i n c e  t h e n ,  p a r t i c i p a t i o n  o f  
GGT i n  i n t e s t i n a l  a m in o  a c i d  a b s o r p t i o n  had been t h o u g h t  t o  be 
p o s s i b l e .  H o w eve r ,  B e r t e l o o t  e t  a l .® ®  r e p o r t e d  t h a t  d i g e s t i o n  o f  
i n t e s t i n a l  b r u s h  b o r d e r  membrane v e s i c l e s  w i t h  p a p a in  r e s u l t e d  i n  
n e a r l y  c o m p l e t e  re m o v a l  o f  GGT, b u t  t h i s  was c o r r e l a t e d  w i t h  an 
i n c r e a s e  i n  l e u c i n e  u p t a k e ,  s u g g e s t i n g  t h e  n o n - i n v o l v e m e n t  o f  t h e  
enzyme i n  am ino  a c i d  t r a n s p o r t .  G ra v e y  e t  a l . * ®  a l s o  s t u d i e d  t h e  
r e l a t i v e  s p e c i f i c i t y  o f  t h e  GGT r e a c t i o n  w i t h  g l y c y l g l y c i n e  and 
e i g h t  e s s e n t i a l  am ino  a c i d s  as s u b s t r a t e s .  T h e i r  r e s u l t s  c o r r e l a t e d  
w e l l  w i t h  t h e  r a t e  o f  i n t e s t i n a l  a b s o r p t i o n  o f  t h i s  d i p e p t i d e  and 
t h e s e  am ino  a c i d s ,  as o b s e r v e d  by o t h e r s . 3 , 1 2 , 1 4  The s p e c i f i c  
a c t i v i t y  o f  GGT i n  v i l l u s  t i p  c e l l s  was 10 t i m e s  g r e a t e r  t h a n  i n  
c r y p t  c e l l s ,  w h i l e  am ino  a c i d  u p t a k e  was 2 - 6  t i m e s  g r e a t e r  i n  t h e  
f o r m e r .
GGT a l s o  e x i s t s  i n  t h e  s m a l l  i n t e s t i n e  o f  v a r i o u s  a n i m a l s ,  b u t  
i t s  e n z y m a t i c  p r o p e r t i e s  have  n o t  been c l e a r l y  e l u c i d a t e d  b eca use  
o f  t h e  d i f f i c u l t y  o f  e x t r a c t i o n  f r o m  t h e  o r g a n .® *  As t h e  s m a l l  
i n t e s t i n e  i s  t h e  m o s t  i m p o r t a n t  o r g a n  f o r  am ino  a c i d  
a b s o r p t i o n , ® '  ^  ^ many i n v e s t i g a t i o n s  have been c a r r i e d  o u t  t o  
a s c e r t a i n  w h e t h e r  t h e  enzyme l o c a t e d  t h e r e  p a r t i c i p a t e s  i n  am ino  
a c i d  a b s o r p t i o n .  D e s p i t e  num erous  s t u d i e s ,  no d e f i n i t e  c o n c l u s i o n s  
we re  d rawn  by t h e  i n v e s t i g a t o r s . ® ® ' ® ®  The use  o f  an i n  v i t r o  
model o f  t h e  s m a l l  i n t e s t i n e  may h e l p  e l u c i d a t e  t h e  i n v o l v e m e n t  o f  
GGT i n  t h e  t r a n s l o c a t i o n  o f  a m in o  a c i d s .  Such an i n  v i t r o  model 
i s  p r o v i d e d  by  C a co -2  c e l l  m o n o l a y e r s  as d e s c r i b e d  i n  S e c t i o n  1 . 7 .
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V i n a  e t  a 1 .® °» ® i  r e p o r t e d  t h e  d i r e c t  I n v o l v e m e n t  o f  GGT i n  t h e  
u p t a k e  o f  am ino  a c i d s  by t h e  r a t  mammary g l a n d ,  by t h e  us e  o f  
s p e c i f i c  GGT i n h i b i t o r s .  I n  a l a t e r  s t u d y ® ® ® i  u s i n g  t h e  same 
model  s y s t e m ,  t h e y  o b s e r v e d  t h a t  t h e  i n j e c t i o n  o f  e i t h e r
5 - o x o p r o l i n e  o r  g a m m a -g lu ta m y l  g l u t a m i n e  s t i m u l a t e d  t h e  u p t a k e  o f  
am ino  a c i d s .  They s u g g e s t e d  t h a t  e i t h e r  o r  b o t h  o f  t h e s e  com pounds ,  
p r o d u c t s  o f  t h e  gamma-g 1 u t a m y 1 c y c l e ,  w e re  a c t i v a t o r s  
( " m e s s e n g e r s " ) p r o c e s s i n g  an a l l o s t e r i c  e f f e c t  on t h e  u p t a k e  o f  
am ino  a c i d s .
1 . 6 F u n c t i  o n s  o f  t O a n m m a i —
C3 1  O v c ;  T ^
The g a m m a -g lu ta m y l  c y c l e  a c c o u n t s  f o r  t h e  b i o s y n t h e s i s  o f  
g l u t a t h i o n e ,  b u t  i t  may have  a v a r i e t y  o f  r o l e s  i n c l u d i n g ,  
v a r i o u s  p r o t e c t i v e  m e t a b o l i c  p r o c e s s e s ,  t r a n s p o r t  and c a t a l y t i c
p r o c e s s e s ,  t h e  r e g u l a t i o n  o f  g l u t a t h i o n e  s y n t h e s i s  and u t i l i z a t i o n ,  
and i n  t h e  s t o r a g e  and t r a n s p o r t  o f  c y s t e i n e .  I t  i s  d i f f i c u l t  t o
p e r c e i v e  any  m e t a b o l i c  a d v a n t a g e  t h a t  m i g h t  be d e r i v e d  f r o m  f o r m i n g
a c o v a l e n t  l i n k a g e  b e tw e e n  g l u t a m a t e  and an am ino  a c i d  and 
s u b s e q u e n t l y  c l e a v i n g  t h i s  l i n k a g e .  T h u s ,  i t  does  n o t  seem l i k e l y  
t h a t  t h e  gamma-g1u t a m y 1 c y c l e  e x i s t s  s o l e l y  f o r  t h e  p u r p o s e  o f  
c o n t i n u a l l y  d e g r a d i n g  and r e s y n t h e s i s i n g  g l u t a t h i o n e .
The h y p o t h e s i s  t h a t  t h e  g a m m a -g lu ta m y l  c y c l e  f u n c t i o n s  i n  am ino  
a c i d  t r a n s p o r t  i s  s t r o n g l y  s u p p o r t e d  by t h e  i n  v i v o  f o r m a t i o n  o f  
gamma-g1 u t a m y 1 - a m in o  a c i d s  and t h e i r  s u b s e q u e n t  t r a n s p o r t  ( s e e  
S e c t i o n  1 . 4 ) .  H o w eve r ,  t h i s  p a th w a y  has been p r o p o s e d  n o t  t o
f u n c t i o n  i n  a l l  c e l l s ,  o r  f o r  a l l  am ino  a c i d s  i n  a g i v e n  c e l l .
t
A l t h o u g h  l i t t l e  i s  known a b o u t  t h e  m echan isms i n v o l v e d ,  t h e r e  i s  ‘ 
e v i d e n c e ,  l a r g e l y  f r o m  c o m p e t i t i o n  s t u d i e s ,  f o r  s e v e r a l  a m in o  a c i d  
t r a n s p o r t  s y s te m s  t h a t  o v e r l a p  i n  s p e c i f i c i t y .  P r e s e n t l y  a v a i l a b l e  
d a t a  i n d i c a t e  t h a t  t h e  g a m m a -g lu ta m y l  am ino  a c i d  p a th w a y  p l a y s  a
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r o l e  i n  am ino  a c i d  t r a n s p o r t ,  a l t h o u g h  i t s  r e l a t i o n s h i p  t o  o t h e r  
" s y s t e m s "  i s  n o t  y e t  c l e a r .
The a r g u m e n ts  a g a i n s t  t h e  g a m m a -g lu ta m y l  a m in o  a c i d  t r a n s p o r t
and t h e  i n v o l v e m e n t  o f  t h e  gamma-g1 u t a m y 1 c y c l e  i n  t h e
\
t r a n s l o c a t i o n  o f  am ino  a c i d s  i s  based  on t h e  f o l l o w i n g  p o i n t s :
a )  e q u i v a l e n c e  be tw een  g l u t a t h i o n e  t u r n o v e r  and am ino  a c i d  
t r a n s p o r t  has n o t  been o b s e r v e d .
b )  t h e  i n  v i v o  r o l e  o f  GGT i s  s o l e l y  as  a h y d r o l y a s e ,  i e :  no 
t r a n s p e p t i d a t i o n  f a c t o r  ( n o  gamma-g1 u t a m y 1 - a m i n o  a c i d s  f o r m e d ) .
c )  t h e  d i s t r i b u t i o n  o f  GGT a c t i v i t y  i n  t h e  r e n a l  t u b u l e  do e s  n o t  
p a r a l l e l  u p t a k e  o f  am ino  a c i d s .
d )  i n h i b i t i o n  a t  a p o i n t  i n  t h e  g a m m a -g lu ta m y l  c y c l e  i s  n o t  a lw a y s  
a s s o c i a t e d  w i t h  d e f e c t i v e  a m ino  a c i d  t r a n s p o r t .
e )  t o o  much e n e r g y  i s  a p p a r e n t l y  r e q u i r e d  t o  t r a n s p o r t  am ino  a c i d s .  
The c o n s i d e r a t i o n s  l i s t e d  above  i n d i c a t e  t h a t  one w o u ld  n o t
e x p e c t  e q u i v a l e n c e  be tw e e n  g l u t a t h i o n e  t u r n o v e r  and am ino  a c i d  
t r a n s p o r t  i f  t h e r e  i s  more t h a n  one t r a n s l o c a t i o n  p r o c e s s ,  w h i c h  
some i n v e s t i g a t o r s  have  e x p e c t e d .  T h i s  a r g u m e n t  may a l s o  e x p l a i n  
why GGT a c t i v i t y  does  n o t  c o i n c i d e  w i t h  s i t e s  o f  am ino  a c i d  u p t a k e  
i n  a l l  l o c a t i o n s .
W i t h  r e s p e c t  t o  t h e  r e l a t i v e l y  h i g h  e n e r g y  r e q u i r e m e n t  o f  am ino  
a c i d  t r a n s p o r t  by t h e  g a m m a -g lu ta m y l  c y c l e  ( u p t a k e  o f  O .S m o le  o f  
am ino  a c i d  p e r  day by t h e  k i d n e y s  o f  an a v e r a g e  man w o u ld  r e q u i r e
1 .5  m o le s  o f  ATP p e r  d a y )  may be r e l a t e d  t o  t h e  need f o r  h i g h  
c a p a c i t y  o f  am ino  a c i d  t r a n s p o r t  i n  t h e  k i d n e y . ® 7 i t  i s  o f  
c r u c i a l  i m p o r t a n c e  t o  m a i n t a i n  a s u b s t a n t i a l  b l o o d  c o n c e n t r a t i o n  o f  
am ino  a c i d s  t o  s u p p o r t  p r o t e i n  s y n t h e s i s  i n  a v a r i e t y  o f  t i s s u e s  
and c e l l s  i n c l u d i n g  t h o s e  o f  t h e  c e n t r a l  n e r v o u s  s y s t e m . * The 
need f o r  e n e r g y  i n  t h i s  s y s te m  i s  n o t  u n u s u a l l y  g r e a t  when 
c o n s i d e r e d  i n  r e l a t i o n  t o  p r o c e s s e s  s uch  as p r o t e i n  s y n t h e s i s  and
-11
INTRODUCTION
u r e a  f o r m a t i o n . ® 7
D e s p i t e  am p le  d a t a  i n d i c a t i n g  t h a t  t r a n s p e p t i d a t i o n  i s  a 
p h y s i o l o g i c a l l y  s i g n i f i c a n t  f u n c t i o n  o f  GGT, i t  has  been c o n c l u d e d  
by some w o r k e r s ®7 t h a t  t h e  s o l e  f u n c t i o n  o f  t h e  enzyme i s  t o  
h y d r o l y s e  g l u t a t h i o n e .  H o w eve r ,  d i r e c t  e v i d e n c e  t o  s u g g e s t  
o t h e r w i s e  was p r o v i d e d  by a s t u d y  whe re  GGT was i n c u b a t e d  w i t h  
g l u t a t h i o n e  and a m i x t u r e  o f  am ino  a c i d s  a p p r o x i m a t i n g  t o  t h e  am ino  
a c i d  c o m p o s i t i o n  o f  p l a s m a . ® 7 The r e l a t i v e  e x t e n t s  o f  
t r a n s p e p t i d a t i o n  and h y d r o l y s i s  w e re  d e t e r m i n e d  by m e a s u r i n g  t h e  
p r o d u c t s  f o r m e d .  A t  pH 7 ,  a b o u t  h a l f  o f  t h e  g l u t a t h i o n e  u t i l i s e d  
p a r t i c i p a t e d  i n  t r a n s p e p t i  d a t i  o n , L - c y s t i  ne and L - g l u t a m i n e  b e i n g  
t h e  m o s t  a c t i v e  a c c e p t o r s ,  a l t h o u g h  o t h e r  a m in o  a c i d s  w e re  a l s o  
a c t i v e .  T h u s ,  g l u t a t h i o n e  i s  consumed t o  p r o d u c e  gamma-g1u t a m y 1 
a m in o  a c i d s  w h i c h  a r e  p r o b a b l y  f o rm e d  c o n t i n u o u s l y  and a r e  
t r a n s p o r t e d  t h r o u g h  t h e  c e l l  membrane ( s e e  S e c t i o n  1 . 4 ) ,  i n  a c c o r d  
w i t h  t h e  g a m m a -g lu ta m y 1 c y c l e .
As t h e r e  a r e  l i k e l y  t o  be s e v e r a l  am ino  a c i d  t r a n s p o r t  s y s t e m s ,  
t h e  i n h i b i t i o n  o f  o n e ,  i e :  v i a  t h e  gamma-g1 u t a m y 1 c y c l e ,  may have  a 
m in i m a l  e f f e c t .  The o t h e r  t r a n s l o c a t i o n  p r o c e s s e s  may c om pen s a te  
f o r  t h e  l o s s  o f  t h i s  p a th w a y  and t r a n s p o r t  t h o s e  am ino  a c i d s  w h ic h  
w o u ld  have  been t r a n s l o c a t e d  v i a  t h e  g a m m a -g lu ta m y l  c y c l e .
1 . 7 C Z a i c z c »— 2  0 ^ 1  1  St
Human c o l o n  c a r c i n o m a  c e l l s  ( C a c o - 2 ) ,  a r e  s t r u c t u r a l l y  and 
f u n c t i o n a l  1 y r e p r e s e n t a t i v e  o f  t h e  s m a l l  i n t e s t i n e
e p i t h e l i u r n . 1 7 , 1 8 S p e c i f i c a l l y ,  t h e y  e x h i b i t  w e l l - d e v e l o p e d  
m i c r o v i l l i ® ®  and a p o l a r i s e d  d i s t r i b u t i o n  o f  membrane
p r o t e i n s ® ®  and b r u s h  b o r d e r  enzymes,  s u c h  as  a l k a l i n e
p h o s p h a t a s e ,  s u c r a s e - i  s o m a l t a s e  and ami n o p e p t i d a s e  a t  s i m i l a r  
l e v e l s  t o  t h o s e  d e t e c t e d  i n  t h e  s m a l l  i n t e s t i n e . ® ® ' ® ® " ® ®
The C a c o -2  c e l l s  f o r m  t i g h t  f u l l y  d i f f e r e n t i a t e d  m o n o l a y e r s ,
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whose membrane im perm eancy  has  been s t u d i e d  u s i n g  a s e r i e s  o f  
h y d r o p h i l i c  compounds ,  c o v e r i n g  a m o l e c u l a r  w e i g h t  r a n g e  o f  457 t o  
70 ,000 .®® These  s t u d i e s  w e re  c o r r e l a t e d  t o  t r a n s e p i t h e l i a l  
e l e c t r i c a l  r e s i s t a n c e  (TEER) m e a s u re m e n ts ,  so  t h a t  s u b s e q u e n t
m e a s u re m e n ts  c o u l d  be used  t o  a s c e r t a i n  t h e  i n t e g r i t y  o f  t h e  
m o n o l a y e r . i® * ® *
C a c o -2  c e l l s  g rown on p l a s t i c ,  have been shown t o  t a k e  up and 
t r a n s p o r t  ions,®®»®® s u g a rs ® 7 and p e p t i d e s . ® 7 when t h e s e  
c e l l s  a r e  g rown  on semi p e r m e a b le  o r  m i c r o p o r o u s  membranes,  t h e y
e x h i b i t  p o l a r i z e d  t r a n s p o r t  o f  p h e n y la la n in e ,® ® » ® ®  f o l i c  
a c i d , 7 0 b i l e  a c id s ® ® , 7 1 and v i t a m i n  B i 2 . i ® »i® As an i n  
v i t r o  model s y s te m  o f  p o l a r i s e d  s m a l l  i n t e s t i n e  e p i t h e l i u m ,  t h i s  
c e l l  l i n e  shows i d e a l  c h a r a c t e r i s t i c s  f o r  s t u d y i n g  t h e  a b s o r p t i o n  
a n d / o r  t r a n s p o r t  o f  n u t r i e n t s  i n  t h e  i n t e s t i n a l  mucosa®®.
1 . 8 n  &
S e r i n e  p r o t e o l y t i c  enzymes a r e  c h a r a c t e r i s e d  by t h e  p r e s e n c e  o f  
a u n i q u e l y  r e a c t i v e  s e r i n e  s i d e  c h a i n .  D e t a i l e d  s t r u c t u r a l  
i n f o r m a t i o n  has  been g a t h e r e d  f r o m  p r o t e i n  c r y s t a l l o g r a p h y  o f  
s e v e r a l  t y p e s  o f  t r y p s i n ,  i n h i b i t o r s  o f  t r y p s i n  and t h e  bound 
c o m p le x  o f  t h e  tw o .  T h i s  t o g e t h e r  w i t h  50 y e a r s  o f  r e s e a r c h  
p a r t i c u l a r l y  on b o v i n e  c h y m o t r y p s i n , has p r o v i d e d  a good
u n d e r s t a n d i n g  o f  t h e  mode o f  a c t i o n  and t h e  3 - d i m e n s i o n a l  
g e o m e t r i e s  o f  i n d i v i d u a l  a t o m i c  p o s i t i o n s  o f  t h e s e  t y p e s  o f
e n z y m e s . 2 2 , 2 5
The s e r i n e  p r o t e a s e  enzymes s p e c i f i c a l l y  b i n d  v i a  a t e t r a h e d r a l  
t r a n s i t i o n - s t a t e  c o m p le x  c h a r a c t e r i s t i c  o f  t h e  a c y l  t r a n s f e r
r e a c t i o n s  and t h i s  i s  o b s e r v e d  f o r  a l l  known c o v a l e n t  i n h i b i t o r s  o f  
t h e  enzyme.  The b i n d i n g  s i t e  i s  made up o f  s e v e r a l  r e s i d u e s ,  w h i c h  
a c t  t o g e t h e r  as an a n t i p a r a l l e l  ( 3 - b in d in g  s i t e  f o r  t h e  a c y l a t i n g  
p o l y p e p t i d e  c h a i n .  These c o n s i s i s t  o f  t h e  s u b s t r a t e  s p e c i f i c
- 13 -
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s i d e - c h a i n  b i n d i n g  s i t e s  as  w e l l  as  a l e s s  s p e c i f i c  l e a v i n g - g r o u p  
s i t e .  A s i t e  f o r  h y d r o g e n - b o n d i n g  t o  a t e t r a h e d r a l - o x y a n i n  and t h e  
r e a c t i v e  s e r i n e  s i d e  c h a i n  f o r  c o v a l e n t  b o n d in g  t o  t h e  s u b s t r a t e s  
c a r b o n y l  c a r b o n  a tom  i s  p r e s e n t . ® ® " 2 ® The c h a r g e  r e l a y  s y s t e m ,  
c o n s i s t i n g  o f  a h i s t i d i n e  s i d e  c h a i n  ( i m i d a z o l e )  i s  h y d r o g e n  bonded 
t o  a c a r b o x y 1 a t e  o f  an a s p a r t i c  a c i d ,  w h i c h  may a l s o  be v i s u a l i s e d  
as p r o v i d i n g  a p r o t o n  f o r  t h e  b i n d i n g  s i t e ,  w h i c h  i s  t r a n s f e r r e d  
b e tw e en  n u c l e o p h i l e s  i n  t h e  t r a n s i t i o n  s t a t e ,  i e :  b e tw e en  r e a c t i v e  
s e r i n e  o f  t h e  enzyme and t h e  l e a v i n g  g ro u p  o f  t h e  s u b s t r a t e . *
1 .9 T i Pi ^  t  #—I bu t  i on an c#
I—ocrO-T i i o n
Homogena tes  o f  a n im a l  t i s s u e s  a s s a y e d  f o r  GGT a c t i v i t y ,  show a 
w id e  ra n g e  o f  v a l u e s .  T i s s u e s  w h ic h  e x h i b i t  lo w  t r a n s p e p t i  dase  
a c t i v i t y  may be m i s l e a d i n g  i n  some c a s e s ,  s i n c e  s t u d i e s  on t h e  
l o c a l i z a t i o n  o f  t h e  enzyme a c t i v i t y  i n d i c a t e  t h a t  t h e r e  a r e  
s p e c i f i c  r e g i o n s  o f  i n t e n s e  enzyme a c t i v i t y  i n  many t i s s u e s .
GGT a c t i v i t y  has  been f o u n d  i n  m os t  mammal ian  t i s s u e s ,  b u t  i s  a t  
i t s  h i g h e s t  i n  t h e  k i d n e y . 7 2 o t h e r  a r e a s  o f  h i g h  a c t i v i t y  
i n c l u d e ;  l i v e r ,  i n t e s t i n e ,  b l o o d - b r a i n - b a r r i e r , p l a c e n t a ,  s p l e e n ,  
p a n c r e a s ,  l u n g  and s e r u m . 7 , 8 , 1 0 , 4 9 , 7 2 , 7 3  Enzyme a c t i v i t y  has  a l s o  
been d e m o n s t r a t e d  i n  b i l e ,  s e m in a l  f l u i d  and u r i n e . 72 s i g n i f i c a n t  
d i f f e r e n c e s  be tw e en  s p e c i e s  have  been n o t e d ,  i e :  l i t t l e  i f  any  GGT 
a c t i v i t y  was f o u n d  i n  t h e  se rum  o f  r a t s  and mi c e , 7* w h i l e  t h e  
enzyme was d e t e c t a b l e  i n  human se ru m ,  whe re  i t s  e l e v a t i o n  can  be o f  
c l i n i c a l  i m p o r t a n c e  i n  t h e  d e t e c t i o n  o f  l i v e r  d i s e a s e s . 7  5 Enzyme 
a c t i v i t y  has  a l s o  been d e t e c t e d  i n  non -m am m a l ia n  s o u r c e s  s u c h  as  I 
h y d r a , 76 y e a s t , 77 f u n g i , 78 k i d n e y  bean f r u i t , 7 s  o t h e r  
p i  a n t s , 1 7 , 8 0 , 8 1  s e v e r a l  s p e c i e s  o f  m i c r o o r g a n i s m s ® ®" 8 6  and 
A t l a n t i c  s a l m o n . 1 7
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I n  g e n e r a l ,  h i g h  enzyme a c t i v i t y  i s  o b s e r v e d  i n  c e l l s  w h i c h  
e x h i b i t  p r o l i f i c  s e c r e t o r y  o r  a b s o r p t i v e  f u n c t i o n s .  These  i n c l u d e  
t h e  e p i t h e l i a l  c e l l s  o f  r e n a l  p r o x i m a l  t u b u l e s ,  j e j u n u m ,  b i l e  d u c t ,  
e p i d i d y m u s ,  s e m in a l  v e s i c l e s ,  c h o r o i d  p l e x u s ,  c i l i a r y  b o d y ,  r e t i n a l  
p i g m e n t  e p i t h e l i u m ,  b r o n c h i o l e s ,  t h y r o i d  f o l l i c l e s ,  t h e  c a n a l i c u l a r  
r e g i o n s  o f  h e p a t o c y t e s ,  t h e  p a n c r e a t i c  a c i n a r  and d u c t i l e
e p i t h e l i a l  c e l I s . ^ ^ , e ? , ae
H i s t o c h e m i c a l  m e th o d s  u sed  t o  f i n d  t h e  p r e c i s e  l o c a l i s a t i o n  
showed t h a t  t r a n s p e p t i d a s e  was a s s o c i a t e d  w i t h  t h e  p a r t i c u l a t e  
f r a c t i o n  o f  v a r i o u s  t i s s u e  hom ogena tes  and t h e s e  l e d  t o  t h e  
i n f e r e n c e  t h a t  t h e  enzyme was l o c a t e d  e i t h e r  i n  c e l l  p la s m a  
membranes o r  i n  m ic r o s o m a l  membranes.®® E p i t h e l i a l  c e l l s ,  s u c h  as 
t h o s e  o f  t h e  j e j u n u m  and r e n a l  p r o x i m a l  t u b u l e  a r e  c h a r a c t e r i s e d  by 
t h e  p r e s e n c e  o f  num erous  f i n g e i — l i k e  s p e c i a l i s a t i o n s  o f  t h e  p la s m a  
membrane ( m i c r o v i l l i )  on t h e i r  lu m e n a l  s u r f a c e .  Such c e l l  s u r f a c e  
i s  known as  t h e  b r u s h  b o r d e r ,  and h i s t o c h e m i c a l  s t a i n i n g  i s  
c o n s i s t e n t  w i t h  l o c a t i o n  o f  t h e  enzyme i n  such  e n v i r o n m e n t s .® ? '® ®
U 1 t r a s t r u c t u r a l  s t u d i e s  u t i l i s i n g  c y t o c h e m i c a l  t e c h n i q u e s  a l s o  
p r o v i d e d  e v i d e n c e  t h a t  t h e  m a jo r  p o r t i o n  o f  t h e  t r a n s p e p t i d a s e  
a c t i v i t y  was a s s o c i a t e d  w i t h  t h e  m i c r o v i l l u s  membranes i n  t h e  
j e j u n u m  and k i d n e y  p r o x i m a l  t u b u le s . ® ®  No a c t i v i t y  was seen  on 
t h e  b a s o l a t e r a l  membranes o f  t h e s e  e p i t h e l i a l  c e l l s  a l t h o u g h  lo w  
l e v e l s  c a n n o t  be e x c l u d e d  b eca use  o f  t h e  lo w  s e n s i t i v i t y  o f  t h e  
t e c h n i q u e .  A g r a d i e n t  o f  t r a n s p e p t i d a s e  a c t i v i t y  has  been f o u n d  i n  
t h e  j e j u n u m ,  w i t h  r e l a t i v e l y  lo w  a c t i v i t y  i n  t h e  c r y p t  c e l l s  and 
much h i g h e r  a c t i v i t y  i n  t h e  d i f f e r e n t i a t e d  v i l l u s  t i p  c e l l s . ® ®  
GGT a c t i v i t y  i s  r e l a t i v e l y  h i g h  i n  t h e  s m a l l  i n t e s t i n e  and t o  d a t e  
has  been l o c a l i s e d  by h i s t o c h e m i c a l  t e c h n i q u e s  t o  t h e  b r u s h  b o r d e r  
r e g i o n  o f  t h e  v i l l u s  t i p  c e l l s . *
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GGT c a t a l y s e s  t h e  i n i t i a l  s t e p  i n  t h e  u t i l i s a t i o n  o f  g l u t a t h i o n e  
i n  w h i c h  t h e  g a m m a -g lu ta m y l  m o i e t y  o f  t h i s  t r i p e p t i d e  i s  t r a n s f e r e d  
t o  an a c c e p t o r .  T h i s  may be an am ino  a c i d ,  d i p e p t i d e ,  o r  
g l u t a t h i o n e  i t s e l f .  I f  t h e  n u c l e o p h i l e  i s  w a t e r ,  h y d r o l y s i s  o c c u r s .  
T he se  t h r e e  g e n e r a l  t y p e s  o f  r e a c t i o n  a r e  r e p r e s e n t e d  by r e a c t i o n s  
1—3.
1) H YDR O LYSIS- WATER B E IN G  T H E  ACCEPTOR
G LUTATHIO NE + WATER ClJ> GLUTAMATE +  CYS-GLY
2) TRANSPEPTÏO ATIO N- AN A M IN O  A C ID  IS TH E ACCEPOR
G LUTATHIONE +  A M IN O  A C ID  ( IZ T ) G L U -A M IN O  A C ID  +  CYS-GLY  
3) AUTOTRANSPEPTIDATION- TH E  DONOR IS ALSO AN ACCEPTOR
I
2 GLUTATHIONE (----- )  G LU -G LUTATHIO NE +  CYS-GLY
The r e a c t i o n  c a t a l y s e d  by  GGT i s  o f  m a j o r  i m p o r t a n c e  i n  t h e  
g a m m a -g lu ta m y l  c y c l e  ( S e c t i o n  1 . 2 ) .  The e v i d e n c e  t h a t  t h e  r e a c t i o n s  
o f  t h e  g a m m a -g lu ta m y l  c y c l e  t a k e  p l a c e  i n  v i v o  and r e l a t e d  
i n v e s t i g a t i o n s  on t h e  m e t a b o l i s m  and f u n c t i o n  o f  g l u t a t h i o n e  have 
been r e v i e w e d . ® 1'®% The c a t a l y t i c  a c t i v i t y  o f  GGT was f i r s t  
o b s e r v e d  a b o u t  70 y e a r s  ago®® and t h e  enzyme has s u b s e q u e n t l y
been s t u d i e d  by many i n v e s t i g a t o r s .
GGT f r o m  v a r i o u s  mammal ian  s o u r c e s  e x h i b i t s  r a t h e r  s i m i l a r  
c a t a l y t i c  p r o p e r t i e s  and s p e c i f i c i t i e s .  The e v i d e n c e  f r o m  a l l  o f  
t h e  enzyme s o u r c e s  t h u s  f a r  s t u d i e d  s u g g e s t s  t h e  e x i s t e n c e  o f  t h r e e  
s e p a r a t e  s u b s i t e s  e x h i b i t i n g  c h a r a c t e r i s t i c  p r e f e r e n c e s  w h i c h  can 
be d i s t i n g u i s h e d  i n  t h e  a c t i v e  c e n t r e ,  w h i c h  i s  based  on 
g l u t a t h i o n e . ® S ' ® 4
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B i n d i n g  o f  L - ,  D - ,  and L - ( a - m e t h y l ) - g a m m a - g lu t a m y l  compounds 
o c c u r s  a t  t h e  g a m m a -g lu ta m y l  b i n d i n g  s u b s i t e . ® ® ' ® *  The a c c e p t o r  
s i t e ,  c o n s i s t i n g  o f  s u b s i t e s  f o r  c y s t e i n y l  and g l y c i n e  m o i e t i e s ,  
has r e s t r i c t e d  s t e r e o s p e c i f i c i t y  i n  t h a t  o n l y  L - a m in o  a c i d s  and 
d i p e p t i d e s  i n  w h i c h  b o t h  a m ino  a c i d s  a r e  o f  L - c o n f i g u r a t i o n  can 
s e r v e  as  a c c e p t o r s . ® ® ' ® *  K i n e t i c  and s p e c i f i c i t y  s t u d i e s  i n d i c a t e  
t h a t  a l a r g e  v a r i e t y  o f  d i p e p t i d e  a c c e p t o r s  b i n d  t o  t h e  
c y s t e i n y l g l y c i n e  s i t e  and t h a t  am ino  a c i d  a c c e p t o r s  i n t e r a c t  w i t h  
t h e  c y s t e i n y l  s u b s i t e . ® ® »®* The c y s t e i n y l  s u b s i t e  shows a 
p r e f e r e n c e  f o r  n e u t r a l  a m in o  a c i d s  such  as  t h e  L - i s o m e r s  o f  
c y s t i n e ,  g l u t a m i n e ,  m e t h i o n i n e ,  a l a n i n e  and s e r i n e . ® ®  B r a n c h e d  
c h a i n  am ino  a c i d s  a r e  r e l a t i v e l y  p o o r  a c c e p t o r s ,  w h e re a s  D -a m in o  
a c i d s ,  L—p r o l i n e ,  and a —s u b s t i t u t e d  a m in o  a c i d s  a r e  non 
a c c e p t o r s . ® ® ' ® *  The g l y c i n e  s u b s i t e  shows a p r e f e r e n c e  f o r  
g l y c i n e ;  o t h e r  am ino  a c i d  s u b s t i t u t i o n s  r e d u c e  t h e  a c c e p t o r  
a c t i v i t y  c o n s i d e r a b l y .  Th u s ,  t h e  b e s t  d i p e p t i d e  a c c e p t o r s  i n c l u d e  
g l y c y l g l y c i n e ,  m e t h i o n i n e - g l y c i n e , a - g l u t a m i n y l - g l y c i n e ,
a l  any  1- g  1y c i ne and s e r y l - g l y c i n e . ® ® ' ® *  As i n d i c a t e d  i n  r e a c t i o n s  
1- 3 , t h e  enzyme can d e g r a d e  g a m m a -g lu ta m y l  compounds by b o t h  
t r a n s p e p t i d a t i o n  and h y d r o l y s i s .  A l l  t h r e e  r e a c t i o n s  can  o c c u r  i n  
t h e  p r e s e n c e  o f  an added a c c e p t o r .  S e p a r a te  d e t e r m i n a t i o n  o f  t h e  
h y d r o l y s i s  and t r a n s p e p t i d a s e  a c t i v i t i e s  may be c o n v e n i e n t l y  
c a r r i e d  o u t  w i t h  D - g l u t a m y l  compounds ( e g :
D - g l u t a m y l - p - n i t r o a n i l i d e ® ® ' ® * ) s i n c e  t h e  D - i s o m e r s  do n o t  s e r v e  
as a c c e p t o r s .
The r a t e  o f  t h e  h y d r o l y t i c  r e a c t i o n  e x h i b i t s  a b r o a d  pH o p t im u m  
r a n g e  b e tw e en  pH 6 and pH 8 , w h e re a s  t h e  pH o p t im u m  
o b s e r v e d  f o r  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  i s  b e tw e e n  pH 8  and 
g , 9 i , 9 2  T h u s ,  pH as w e l l  as  t h e  p r e s e n c e  and c o n c e n t r a t i o n  o f  an 
a c c e p t o r  i n f l u e n c e s  t h e  r e l a t i v e  r a t e s  o f  u t i l i s a t i o n  o f  a
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g a m m a -g lu ta m y l  s u b s t r a t e  by h y d r o l y s i s  and t r a n s p e p t i d a t i o n .
V a r i o u s  k i n e t i c  s t u d i e s  c a r r i e d  o u t  on t h e  enzyme a r e  
a l l  c o n s i s t e n t  w i t h  a “ p i n g - p o n g "  mechan ism ( r e a c t i o n s  4 & 5 )
i n v o l v i n g  a g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e ; ® ® » ® *
GLUTATHIONE + ENZYME <:V >  GAMMA-GLUTAMYL-ENZYME + CYS-GLY
GAMMA-GLUTAMYL-ENZYME + ACCEPTOR  GAMMA-GLUTAMYL-ACCEPTOR + ENZYME|
The p o s s i b i l i t y  t h a t  a c o v a l e n t  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e  
i s  f o r m e d  i n  t h e  c o u r s e  o f  t h e  t r a n s f e r  p r o c e s s  r e c e i v e d  s t r o n g  
s u p p o r t  f r o m  t h e  f i n d i n g s  t h a t  t h e  g l u t a m y l  a n a l o g u e s ,
6 - d i a z o - 5 - o x o - L - n o r l e u c i ne (DON) and 0 - d i a z o a c e t y l - L - s e r i n e  
( L - a z a s e r i n e )  i n a c t i v a t e  t h e  enzyme by b i n d i n g  c o v a l e n t l y  and 
s t o i c h i o m e t r i c a l l y  t o  t h e  g a m m a -g lu ta m y l  s i t e . ® ® » ® ?  O t h e r  s t u d i e s  
w i t h  D O N - l a b e l l e d  enzyme i n d i c a t e  t h a t  t h e  c o v a l e n t  a t t a c h m e n t  o f  
t h e  a n a lo g u e  i n v o l v e s  an 0 - e t h e r  l i n k a g e  t o  an h y d r o x y l  g r o u p
l o c a t e d  i n  t h e  g a m m a -g lu ta m y l  b i n d i n g  s u b s i t e .  The r e s u l t s  l e d  t o  
t h e  i n f e r e n c e  t h a t  an enzyme h y d r o x y l  g r o u p  a l s o  p a r t i c i p a t e s  i n  
t h e  f o r m a t i o n  o f  t h e  c o v a l e n t  g a m m a -g lu ta m y l - e n z y m e
i n t e r m e d i a t e , ® ®  D u r i n g  s t u d i e s  on t h e  r e v e r s i b l e  d i s s o c i a t i o n  o f  
t h e  enzyme i n t o  a l i g h t  and a heavy  s u b u n i t ,  T a t e  e t  a l . ? ®  
p o s t u l a t e d  t h a t  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  was l o c a t e d  on t h e  
l i g h t  s u b u n i t .
The d i c a r b o x y l i c  a c i d ,  m a l e i c  a c i d ,  e x e r t s  an u n u s u a l  e f f e c t  on 
t h e  c a t a l y t i c  a c t i o n  o f  GQT.®®- i ®o I t  r e v e r s i b l y  s t i m u l a t e s  t h e  
h y d r o l y s i s  o f  g l u t a t h i o n e  and o t h e r  g a m m a -g lu ta m y l  com pounds ,  b u t  
i n h i b i t s  t h e  f o r m a t i o n  o f  t r a n s p e p t i d a t i o n  p r o d u c t s .  A l a r g e  
s t i m u l a t o r y  e f f e c t  was o b s e r v e d  w i t h  t h e  u t i l i s a t i o n  o f  
L - g l u t a m i n e ,  n o r m a l l y  a r e l a t i v e l y  p o o r  d o n o r ,  w h i c h  i s  c o n v e r t e d
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t o  g l u t a m a t e  as w e l l  as  t o  g l u t a m y l  g l u t a m i n e .  M a le a t e  c a t a l y s e s  
b o t h  t h e s e  r e a c t i o n s ,  b u t  h y d r o l y s i s  was c a t a l y s e d  t o  a g r e a t e r  
e x t e n t  t h a n  t r a n s p e p t i d a t i o n . T h i s  e f f e c t  a p p e a r s  t o  be a c c o u n t e d  
f o r  by m a l e a t e  b i n d i n g  t o  t h e  c y s t e i n y l g l y c i n e  b i n d i n g  
s i t e , 98-101 c a u s i n g  i n h i b i t i o n  f o r  t h e  t r a n s f e r  o f  t h e  
g a m m a -g lu ta m y l  m o i e t y  t o  an a c c e p t o r ,  i e i a m i n o  a c i d s  o r  
d i p e p t i d e s .  R e c e n t  s t u d i e s  have  shown t h a t  h i p p u r a t e  
( b e n z o y l g l y c i n e ) ,  p r e s e n t  i n  mammal ian se rum  and u r i n e ,  and s e v e r a l  
h i p p u r a t e  a n a lo g u e s  a f f e c t  t r a n s p e p t i d a s e  i n  a manner  s i m i l a r  t o  
m a l e a t e  and a l s o  a p p e a r  t o  o c c u p y  t h e  c y s t e i n y l g l y c i n e  s i t e .  R e c e n t  
e v i d e n c e  i n d i c a t e s  t h a t  f r e e  b i l e  a c i d s  and t h e i r  g l y c i n e  o r  
t a u r i n e  c o n j u g a t e s  a l s o  a f f e c t  t h e  enzyme i n  s uch  a m anne r .  I n  f a c t  
t h e  g l y c i n e  d e r i v a t i v e s  o f  b i l e  a c i d s  e x h i b i t  a much g r e a t e r  
a f f i n i t y  f o r  GGT t h a n  h i p p u r a t e . i 0 2 , i 03
1.11  I n h i  b i  t i o r #  o ~ F  O O T
B o th  r e v e r s i b l e  and i r r e v e r s i b l e  i n h i b i t o r s  o f  GGT have 
been d e s c r i b e d  and used  i n  s t u d i e s  i n v e s t i g a t i n g  t h e  f u n c t i o n  o f  
t h e  enzyme.  R eve l  and B a l l i ® ®  d i s c o v e r e d  t h a t  L - s e r i n e  i n  t h e  
p r e s e n c e  o f  b o r a t e  s t r o n g l y  i n h i b i t s  GGT, i n d e e d ,  i n h i b i t i o n  by 
L - s e r i n e  p l u s  b o r a t e  i s  a v a l u a b l e  t e s t  f o r  GGT s i n c e  n e i t h e r  
compound a l o n e  i n h i b i t s  t h e  enzym e.  I t  was h y p o t h e s i s e d  t h a t  s e r i n e  
a p p e a r s  t o  b i n d  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s u b s i t e  o f  t h e  enzyme 
o c c u p y i n g  t h e  r e g i o n  t h a t  a c c e p t s  t h e  a - a m in o  and a - c a r b o x y l  g r o u p s  
o f  t h e  g a m m a -g lu ta m y l  d o n o r .  The b o r a t e  a n i o n  p r e s u m a b l y  f o r m s  a 
b r i d g e - c o m p l e x  be tw e en  t h e  h y d r o x y l  g r o u p  o f  s e r i n e  and an a c t i v e  
s i t e  h y d r o x y l  g r o u p  o f  a s i d e  c h a i n  o f  a s e r i n e  o r  t h r e o n i n e  \ 
r e s i d u e . 1 0 * The t e t r a h e d r a l  b o r a t e  c o m p le x  p r o b a b l y  r e s e m b le s  t h e  
t r a n s i t i o n - s t a t e  a n a lo g u e  i e :  g a m m a -g lu ta m y l  enzyme i n t e r m e d i a t e .
G am m a -g lu ta m y l  h y d r a z o n e s  o f  a number  o f  a - k e t o  a c i d s  h a v e  been 
shown t o  be c o m p e t i t i v e  i n h i b i t o r s  w i t h  r e s p e c t  t o  t h e
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g a m m a -g lu ta m y l  d o n o r .® *  P a r t i c u l a r l y  p o t e n t  i n h i b i t o r s  a r e  t h e  
g a m m a -g lu ta m y l  p h e n y l h y d r a z i d e s , ? i  t h e  s t r o n g e s t  b e i n g  
L - g l u t a m y l - ( o - c a r b o x y ) - p h e n y l h y d r a z i d e s . i o 5 ' i o G  T h e i r  i n  v i v o  
use  has p r o v i d e d  s t r o n g  e v i d e n c e  t h a t  t r a n s l o c a t i o n  o f  
i n t r a c e l l u l a r  g l u t a t h i o n e  t o  membrane-bound GGT i s  a d i s c r e t e  and 
n e c e s s a r y  s t e p  i n  g l u t a t h i o n e  m e t a b o l i s m .  O t h e r  compounds t h a t  
i n h i b i t  GGT i n c l u d e  s u l p h o b r o m o p h t h a l e i n  and b r o m o c r e s o l  g reen*®  
h o w e v e r ,  t h e  m echan ism  by w h i c h  t h e s e  compounds i n h i b i t  i s  n o t  y e t  
c l e a r .
I r r e v e r s i b l e  i n a c t i v a t i o n  o f  GGT by g l u t a m i n e  a n t a g o n i s t s ,  DON 
and L - a z a s e r i n e ,  has  been n o t e d  p r e v i o u s l y .  S t u d i e s  have shown t h a t  
t h e  a n t i t u m o r  g l u t a m i n e  a n t a g o n i s t ,  L - ( a S , 5 S ) - a - a m i n o - 3 - c h l o r o  
- 4 , 6 - d i h y d r o - 5 - i s o x a z o l e - a c e t i c  a c i d  ( A T - 1 2 5 ) ,  i s  a l s o  a v e r y  
h i g h l y  e f f e c t i v e  a f f i n i t y  l a b e l  f o r  t h e  g l u t a m y l  s i t e  o f  t h e  
e n z y m e .35 These  compounds r e a c t  c o v a l e n t l y  a t  t h e  g l u t a m y l  
p o r t i o n  o f  t h e  s u b s t r a t e  b i n d i n g  s i t e .  I t  s h o u l d  be n o t e d  h o w e v e r  
t h a t  DON and L - a z a s e r i n e  a p p e a r  t o  b i n d  v i a  an h y d r o x y  am ino  a c i d  
r e s i d u e  i n  t h e  a c t i v e  c e n t r e , * ®  w h e re as  t h e  b i n d i n g  o f  AT -12 5  
p r o b a b l y  i n v o l v e s  a d i f f e r e n t  r e s i d u e . T h e  r e l a t i v e  r a t e s  o f  
i n a c t i v a t i o n  by a z a s e r i n e  : DON : AT-125 a r e  i n  t h e  r e s p e c t i v e  
r a t i o  2 : 5 : 1 0 0 .  I n a c t i v a t i o n  by t h e s e  compounds i s  r e d u c e d  by  t h e  
p r e s e n c e  o f  compounds t h a t  b i n d  t o  t h e  g a m m a -g lu ta m y l  s i t e  ( e g :  
g l u a t a t h i o n e , g l u t a m i n e  and s e r i n e - b o r a t e  c o m p l e x ) .  W h i l e  t h e  r a t e  
o f  i n a c t i v a t i o n  was m a r k e d l y  a c c e l e r a t e d  by c a t a l y s i n g  a g e n t s  such  
as m a l e a t e .
B o th  r e v e r s i b l e  and i r r e v e r s i b l e  i n h i b i t o r s  o f  GGT have  been 
used  i n  v i v o  t o  m o d u l a t e  g l u t a t h i o n e  m e t a b o l i s m . ® ® ®  
These  s t u d i e s  have  p r o v i d e d  s t r o n g  e v i d e n c e  t h a t  t r a n s l o c a t i o n  o u t  
o f  t h e  c e l l  o f  i n t r a c e l l u l a r  g l u t a t h i o n e  i s  a no rm a l  and d i s c r e t e  
s t e p  i n  t h e  m e t a b o l i s m  o f  g l u t a t h i o n e  v i a  t h e  g a m m a -g lu ta m y l
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c y c l e .  T h u s ,  i n h i b i t i o n  o f  GGT i n  a n i m a l s  p r e v e n t s  t h e  n o rm a l  
e x t r a c e l l u l a r  b reakdown o f  g l u t a t h i o n e  and i f  t h e  i n h i b i t i o n  i s  
e x t e n s i v e ,  g l u t a t h i o n u r i a  r e s u l t s . ® ° ® ^  AT -12 5  i s  h i g h l y
e f f e c t i v e  i n  t h i s  r e s p e c t ;  i t s  a d m i n i s t r a t i o n  t o  m ic e  l e a d s  t o  
m a s s i v e  g l u t a t h i o n u r i a  i n  w h i c h  t h e  u r i n a r y  c o n c e n t r a t i o n  o f  
g l u t a t h i o n e  i s  as  h i g h  as  20-30mM.®®
1 .1 2  a n d  T o o c »  1 1
Stud i of <3Q~F
GGT i s  a membrane bound a m p h i p a t h i c  h e t e r o d i m e r i c  p r o t e i n  t h a t  
i s  p r i m a r i l y  a s s o c i a t e d  w i t h  t h e  b r u s h  b o r d e r  membrane.®®»i 1 * 
P u r i f i c a t i o n  o f  t h i s  enzyme,  f o l l o w i n g  i t s  s o l u b i l i z a t i o n  by 
p a r t i a l  p r o t e o l y s i s  ( p a p a i n )  o r  by t r e a t m e n t  w i t h  d e t e r g e n t s  
( T r i t o n ) ,  y i e l d s  tw o  f o r m s  o f  t h e  GGT t h a t  d i f f e r  c o n s i d e r a b l y  i n  
t h e i r  p h y s i c a l  b u t  n o t  i n  t h e i r  c a t a l y t i c  p r o p e r t i e s . i i ®  
P a p a i n - p u r i f i e d  GGT has a m o l e c u l a r  w e i g h t  o f  6 8 , 0 0 0 ,  w h i l e  t h e  
T r i t o n - p u r i f i e d  GGT has a m o l e c u l a r  w e i g h t  e s t i m a t e d  t o  be 8 7 , 0 0 0 .  
The m o l e c u l a r  w e i g h t  d i f f e r e n c e s  be tw e en  t h e s e  t w o  p u r i f i e d  
p r e p a r a t i o n s  has been a s s o c i a t e d  w i t h  a p r o t e i n  a n c h o r  t h a t  h o l d s  
t h e  enzyme t o  t h e  e x t e r n a l  s u r f a c e  o f  t h e  c e l l  m e m b r a n e . i i ® ~ i i ?
H i g h l y  p u r i f i e d  p r e p a r a t i o n s  o f  r e n a l  GGT have  a l s o  been 
o b t a i n e d  f r o m  o t h e r  mammal ian s p e c i e s . l i ®  These  enzymes a r e  
h i g h l y  g l y c o s y l a t e d  d i m e r i c  p r o t e i n s  c o n s i s t i n g  o f  l i g h t  and hea v y  
s u b u n i t .  The l i g h t  s u b u n i t s  have  m o l e c u l a r  w e i g h t s  o f  a b o u t  2 2 , 0 0 0 ,  
w h i l e  t h e  enzymes f a l l  i n t o  tw o  g r o u p s  w i t h  r e s p e c t  t o  t h e  
m o l e c u l a r  w e i g h t  o f  t h e  h ea vy  s u b u n i t ,  t h o s e  b e tw e e n  4 6 - 5 0 , 0 0 0  ( r a t  
and r a b b i t ) , 104 and t h o s e  w i t h  m o l e c u l a r  w e i g h t s  i n  e x c e s s  o f  
6 0 , 0 0 0  (human,  b o v i n e ,  s heep  and h o g ) . i i ® - i z i
P u r i f i e d  r a t  k i d n e y  GGT shows h e t e r o g e n e i t y  on p o l y a c r y l a m i d e  
g e l s ,  and by i s o l e l e c t r i c  f o c u s s i n g  t w e l v e  e n z y m a t i c a l l y  a c t i v e  
i s o z y m e s  a r e  s e p a r a t e d . i o 3 The is o e n z y m e s  e x h i b i t  s i m i l a r
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c a t a l y t i c  p r o p e r t i e s  and t h e i r  am ino  a c i d ,  h e x o s e  and a m in o h e x o s e  
c o m p o s i t i o n s  a r e  s i m i l a r .  H o w e v e r ,  t h e  s i a l i c  a c i d  c o n t e n t  
v a r i e s . 122-12®
S e v e r a l  s t u d i e s  s u g g e s t  t h a t  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  i s  
l o c a t e d  on t h e  l i g h t  s u b u n i t  and t h a t  an a c t i v e  r e s i d u e  (an  
h y d r o x y l  g r o u p ) ,  w h i c h  i s  p r e s u m a b l y  i n v o l v e d  i n  t h e  f o r m a t i o n  o f  a 
c o v a l e n t  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e ,  i s  p r e s e n t  i n  t h i s
subunit.1 0 6 ,1 2 7 , 1 2 8
1 . 1 3  nr r  i t  i uim
S i n c e  i t s  d i s c o v e r y  i n  1932 ,  t r i t i u m  has been w i d e l y  used as a 
l a b e l l i n g  a g e n t  i n  t h e  l i f e  s c i e n c e s . 129  The r e l a t i v e  ease  w i t h  
w h i c h  compounds can  be l a b e l l e d  and t h e  c o n v e n i e n t  h a l f - l i f e  make 
t r i t i u m  p r e f e r a b l e  t o  i ^ c  f o r  m os t  a p p l i c a t i o n s .  D e t e c t i o n  o f  
t r i t i u m ,  a p u r e  p - e m i t t e r  i s  u s u a l l y  by l i q u i d  s c i n t i l l a t i o n  
c o u n t i n g .  The 3 - p a r t i c l e ’ s e n e r g y  i s  t r a n s f e r r e d  t o  a s c i n t i l l a n t  
s o l v e n t ,  w h i c h  i n  t u r n  t r a n s f e r s  i t  t o  a f l u o r e s c e n t  s o l u t e .  A 
quan tum  o f  l i g h t  i s  e m i t t e d  on t h e  s o l u t e s  r e t u r n  t o  t h e  g ro u n d  
s t a t e ,  w h i c h  i s  d e t e c t e d  by a p h o t o m u l t i p l i e r . 129
T r i t i u m  n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y  (®H n . m . r . )
has  been used t o  i d e n t i f y  t h e  p o s i t i o n s  o f  t h e  t r i t i u m  l a b e l  i n  t h e  
o r g a n i c  compounds.  T r i t i u m  has  a s p i n  o f  i  and i t s  s e n s i t i v i t y  a t  
c o n s t a n t  f i e l d  i s  21% g r e a t e r  t h a n  t h a t  o f  t h e  p r o t o n .  T h i s  a l l o w s  
as l i t t l e  as 20pCi p e r  s i t e  t o  be d e t e c t e d  u s i n g  a p u l s e d  FT n . m . r .  
s p e c t r o m e t e r . T r i t i u m  and p r o t o n  c h e m ic a l  s h i f t s ,  i n  ppm, a r e  
v i r t u a l l y  t h e  same t h u s  a l l o w i n g  d i r e c t  c o m p a r i s o n  o f  t h e  ®H d a t a  
w i t h  t h e  e x t e n s i v e  c a t a l o g u e  o f  p r o t o n  n . m . r .  d a t a . i® ®
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1.14 /V i o-P ~FKi i  ^ i s
The a im s  o f  t h i s  t h e s i s  a r e  as  f o l l o w s :
1) To e x a m in e  t h e  t r a n s l o c a t i o n  o f  am ino  a c i d s ,  u s i n g  an i n  v i t r o  
model  o f  t h e  s m a l l  i n t e s t i n e ,  n am e ly  a C aco -2  c e l l  m o n o l a y e r .  The 
use  o f  ® H - l a b e l l e d  am ino  a c i d  i n  c o n j u n c t i o n  w i t h  a v a r i e t y  o f  
GGT i n h i b i t o r s  w i l l  t e s t  t h e  i n v o l v e m e n t  o f  GGT i n  t h i s
t r a n s l o c a t i o n  p r o c e s s .
2 )  To i s o l a t e  GGT f r o m  a n o v e l  s o u r c e  i e :  C a c o -2  c e l l s ,  t h e n  
c h a r a c t e r i s e  t h e  enzyme and com pare  i t  w i t h  o t h e r  known GGT s o u r c e s  
f o r  m o l e c u l a r  w e i g h t  and  c a t a l y t i c  a c t i v i t y .
3 )  To s t u d y  i n  d e t a i l  t h e  c a t a l y t i c  p r o p e r t i e s  o f  GGT ( b o v i n e  
k i d n e y ) ,  and f u r t h e r  t h e  k n o w le d g e  o f  t h e  s i z e ,  sha p e  and
l o c a t i o n  o f  t h e  a c t i v e  s i t e .  The s t r u c t u r a l  and e l e c t r o n i c  
p r o p e r t i e s  r e q u i r e d  t o  b i n d  t o  t h e  a c t i v e  s i t e  a r e  i n v e s t i g a t e d
by u s i n g  a w id e  r a n g e  o f  g a m m a -g lu ta m y l  d o n o r s ,  a c c e p t o r s  and
i  n h i  b i  t o r s .
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2 . 1  X M - r R O P U O i r i O M
One o f  t h e  m a in  o b j e c t i v e s  o f  t h i s  t h e s i s  was t o  i n v e s t i g a t e  t h e  
a c t i v e  s i t e  o f  GGT w i t h  r e s p e c t  t o  t h e  s t r u c t u r a l  and e l e c t r o n i c  
p r o p e r t i e s  o f  b o t h  t h e  gamma-g1u t a m y l - d o n o r s  and a c c e p t o r s .
The c a t a l y t i c  a c t i o n  o f  GGT t a k e s  p l a c e  i n  tw o  s t a g e s ,  
c h a r a c t e r i s t i c  o f  a p i n g - p o n g  m e c h a n is m .^ 3 1 , 1 3 2  The b i n d i n g  and 
c l e a v a g e  o f  a g a m m a -g lu ta m y l  d o n o r  i s  a p r e l u d e  t o  t h e  f o r m a t i o n  o f  
a g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  T h i s  g i v e s  an o p p o r t u n i t y  t o  
i n v e s t i g a t e  t h e  g a m m a - g lu t a m y l - d o n o r  s t r u c t u r a l  and e l e c t r o n i c  
r e q u i r e m e n t s ,  w h i c h  m u s t  be i d e a l l y  based  oh g l u t a t h i o n e  t h e  
n a t u r a l  g a m m a -g lu ta m y l  d o n o r ^ s , 4 5 , 9 3 , How eve r ,  G-p-NA i s  t h e  m o s t  
common ly  used d o n o r  f o r  a s s a y s  o f  t h i s  enzyme,  a l t h o u g h  many o t h e r  
g a m m a -g lu ta m y l  d o n o r s  have  been used  ( s e e  T a b l e  3 . 4 ) .
I n  t h i s  w o rk  v a r i o u s  g a m m a -g lu ta m y l  s u b s t i t u t e d  a n i l  i d e s  have 
been s y n t h e s i s e d ,  ^2 , 1 a 3 i n o r d e r  t o  a s c e r t a i n  w h i c h  
s t e r e o e l e c t r o n i c  r e q u i r e m e n t s  o f  t h e  d o n o r  p o r t i o n  i n  t h e  R-  o f  
gamma-g1u t a m y l - R  has any s i g n i f i c a n t  e f f e c t  on t h e  
g a m m a - g lu t a m y l - d o n o r  w i t h  r e g a r d  t o  b i n d i n g  i n  t h e  a c t i v e  s i t e  As 
i t  has  p r e v i o u s l y  been shown t h a t  G-p-NA i s  a good d o n o r ,® ^ » ^ 4  
p - n i t r o a n i 1 i de d e r i v a t i v e s  o f  o t h e r  g a m m a -g lu ta m y l  a n a lo g u e s  were  
s y n t h e s i s e d  t o  i n v e s t i g a t e  t h e  b i n d i n g  p r o p e r t i e s  o f  t h e  g l u t a m y l  
m o i e t y .  The am ino  g r o u p ,  and t h e  c a r b o x y l  g r o u p  we re  s y s t e m a t i c a l l y  
removed and t h e  l e n g t h  o f  t h e  c a r b o n  c h a i n  was a l t e r e d ,  eg :  
p - a s p a r t y l  i n s t e a d  o f  g a m m a - g lu t a m y l .
The s t r u c t u r a l  f e a t u r e s  o f  a c c e p t o r s  o f  t h e  g a m m a -g lu ta m y l  
m o i e t y  f r o m  t h e  gamma-g1u ta m y l - e n z y m e  i n t e r m e d i a t e  we re  
i n v e s t i g a t e d .  D e r i v a t i v e s  and d i p e p t i d e s  c l o s e l y  r e l a t e d  t o  
g l y c y l g l y c i n e ,  t h e  m os t  e f f i c i e n t  g a m m a -g lu ta m y l
a c c e p t o r , 9 i ' 9 3 ' 9 4  we re  s y n t h e s i s e d  t o  e l u c i d a t e  why g l y c y l g l y c i n e  
i s  s u c h  a good d o n o r .  O t h e r  d i p e p t i d e s ,  a m in o  a c i d s  and t h e i r
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d e r i v a t i v e s ,  such  as  e s t e r s ,  N - f o r m y l  and N - a c e t y l  d e r i v a t i v e s ,  
w e re  used  t o  f i n d  t h e  b i n d i n g  l i m i t a t i o n s  on t h e  a c c e p t o r  s i t e  
M a l e i c  a c i d ,  has  been shown t o  c a t a l y s e  t h e  f o r m a t i o n  o f  t h e  
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e ^ , 9 3 ,94 and d e r i v a t i v e s  o f  
t h i s  d i a c i d  and o t h e r  c a t a l y s i n g  a g e n t s  w e re  s y n t h e s i s e d  t o  
e l u c i d a t e  t h e  b i n d i n g  c h a r a c t e r i s t i c s  o f  t h e s e  compounds.
The p r o d u c t s  f r o m  t h e  t r a n s f o r m a t i o n s  i n v o l v i n g  GGT w e re  
i d e n t i f i e d  by c o m p a r in g  them  w i t h  s y n t h e t i c a l l y  p r e p a r e d  compounds .  
These  i n c l u d e d ,  g a m m a - g lu t a m y l - a m in o  a c i d s /  d i p e p t i d e s  ( p r o d u c t  o f  
t r a n s p e p t i d a t i o n )  and gamma-g1u t a m y l - g a m m a - g 1u t a m y l  d o n o r s  ( p r o d u c t  
o f  a u t o t r a n s p e p t i d a t i o n ) .
A n o t h e r  o b j e c t i v e  o f  t h i s  t h e s i s  was t o  i n v e s t i g a t e  t h e  
p o s s i b i l i t y  o f  GGT as  p a r t  o f  t h e  g a m m a -g lu ta m y l  c y c l e  b e i n g  
i n v o l v e d  i n  t h e  t r a n s l o c a t i o n  o f  am ino  a c i d s 4 8 , 6 9  t h r o u g h  t h e  
s m a l l  i n t e s t i n e ,  u s i n g  a C aco -2  c e l l  m o n o l a y e r  as  an i n  v i t r o  
model o f  t h e  s m a l l  i n t e s t i n e .   ^ ® I n  o r d e r  t o  f o l l o w  t h e
t r a n s p o r t  o f  am ino  a c i d s ,  t r i t i a t e d  am ino  a c i d s  we re  s y n t h e s i s e d .
B e low  a r e  s h o r t  sum m a r ies  o f  t h e  s y n t h e t i c  t e c h n i q u e s  em p lo y e d  
t o  p r e p a r e  t h e  am ino  a c i d ,  d i p e p t i d e s  and t h e  d e r i v a t i v e s  e t c .  F o r  
a c t u a l  d e t a i l e d  e x p e r i m e n t a l  p r o c e d u r e s  see A p p e n d ix  1.  
N - A c e t v l - a m i n o  a c i d s
A c é t y l a t i o n  o f  am ino  a c i d s  can be a c h i e v e d  i n  a v a r i e t y  o f
w ays ,  u s i n g  a c e t y l  c h l o r i d e * s s  o r  by h e a t i n g  u n d e r  r e f l u x  i n  a 
m i x t u r e  o f  a c e t i c  a n h y d r i d e  and a c e t i c  a c i d * 4 o .  How eve r ,  b o t h  o f  
t h e s e  m ethods  r e s u l t  i n  some r a c e m i z a t i o n  o f  t h e  N - a c e t y l - a m i n o  
a c i d .  By a d d in g  a c e t i c  a n h y d r i d e  t o  an am ino  a c i d  i n  aqueous
a l k a l i ,  no d e t e c t a b l e  r a c e m i z a t i o n  o c c u r s .
N - B e n z o v l - a m i n o  a c i d s
U n l i k e  a c é t y l a t i o n ,  i t  does  n o t  m a t t e r  t h a t  r a c e m i z a t i o n  t a k e s
p l a c e  on b e n z o y l a t i o n  o f  t h e  am ino  a c i d s ,  g l y c i n e  and s a r c o s i n e .
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N e v e r t h e l e s s  t h e  method used  was t h a t  o f  a d d in g  b e n z o y l  c h l o r i d e  t o  
a b a s i c  s o l u t i o n  o f  t h e  a m ino  a c i d * 4 2 .  The N - b e n z o y l a t e d  am ino  
a c i d s  we re  o b t a i n e d  i n  e x c e l l e n t  y i e l d s  upon a c i d i f i c a t i o n  and 
re m o v a l  o f  b e n z o i c  a c i d  a m a j o r  i m p u r i t y .
N - F o r m v l - a m in o  a c i d s
R a c e m i z a t i o n  d u r i n g  f o r m y l a t i o n  o f  g l y c i n e  and g l y c y l g l y c i n e  i s  
u n i m p o r t a n t ,  and h a r s h  c o n d i t i o n s  can be employed*  4 2 .  F o r m ic  
a n h y d r i d e ,  p r e p a r e d  i n  s i t u ,  can  be used i n  an a c i d i c  med ium.  
R e a s o n a b le  y i e l d s  and p u r i t y  a r e  a c h i e v e d  a f t e r  r e c r y s t a l l i s a t i o n  
f r o m  aqueous  a l c o h o l .
E s t é r i f i c a t i o n  o f  am ino  a c i d s
T h e r e  a r e  numerous m e th o d s  f o r  t h e  s y n t h e s i s  o f  a m in o  a c i d  
e s t e r s ,  a l t h o u g h  r o u t i n e  m e th ods  a r e  r e l a t i v e l y  f e w .  Such m e th ods  
i n c l u d e  r e f l u x i n g  t h e  am ino  a c i d  i n  t h e  a l c o h o l  i n  t h e  p r e s e n c e  o f  
s t r o n g  m i n e r a l  a c i d  f o r  s e v e r a l  h o u r s * 4 z ,  o r  t h e  a d d i t i o n  o f  
e x c e s s  t h i o n y l  c h l o r i d e  t o  a s u s p e n s io n  o f  t h e  am ino  a c i d  i n  t h e  
a l c o h o l * 4 3 .  However  t h e  commonest  method i s  v i a  t h e  a c t i o n  o f  d r y  
h y d r o g e n  c h l o r i d e  gas on a s u s p e n s i o n  o f  t h e  am ino  a c i d  i n  a b s o l u t e  
a l c o h o l . * 44 The am ino a c i d  e s t e r  h y d r o c h l o r i d e  so  p r o d u c e d  i s  
i s o l a t e d  e i t h e r  by f i l t r a t i o n ,  o r  by e v a p o r a t i o n  o f  t h e  a l c o h o l i c  
m o th e r  l i q u o r .  I n  g e n e r a l ,  t h e  e s t e r  h y d r o c h l o r i d e s  w e re  o b t a i n e d  
i n  e x c e l l e n t  y i e l d  a n d ,  i n  t h e  c a s e  o f  o p t i c a l l y  a c t i v e  am ino  
a c i d s ,  we re  a p p a r e n t l y  d e v o i d  o f  any  m e a s u r a b le  r a c e m i z a t i o n .  
N - P h t h a l v l  p r o t e c t i n g  g r o u p
P h t h a l i m i d o - a c i d s  a r e  commonly  p r e p a r e d  by h e a t i n g  m i x t u r e s  o f  
t h e  am ino  a c i d s  and p h t h a l i c  a n h y d r i d e  s l i g h t l y  abo ve  t h e  f u s i o n  
p o i n t  o f  t h e  a n h y d r i d e * 3 % , i 3 3  ^ b u t  t h e  p r o d u c t s  so  o b t a i n e d  a r e  
r a c e m i c .  R a c e m i z a t i o n  can  be a v o i d e d  by c a r e f u l l y  m a i n t a i n i n g  t h e  
f u s i n g  t e m p e r a t u r e  be lo w  180°C.
R a c e m i z a t i o n  can a l s o  be a v o i d e d  by c a r r y i n g  o u t  t h e  s y n t h e s i s
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u n d e r  m i l d e r  c o n d i t i o n s * s * ,  u s i n g  d i e t h y l - L - g l u t a m a t e  i n  p l a c e  o f  
t h e  f r e e  am ino  a c i d .  On t r e a t m e n t  w i t h  an e t h e r e a l  s o l u t i o n  o f  
p h t h a l i c  a n h y d r i d e ,  e t h y l  p h t h a l y 1 - L - g l u t a m a t e  was o b t a i n e d  by 
h e a t i n g  u n d e r  r e f l u x  w i t h  e t h a n o l i c  h y d ro g e n  c h l o r i d e .  The o p t i c a l  
p u r e  d i a c i d  can be o b t a i n e d  by a c i d  h y d r o l y s i s ,  and on  t r e a t m e n t  
w i t h  a c e t i c  a n h y d r i d e  p h t h a l y l - g l u t a m i c  a n h y d r i d e  can  be i s o l a t e d  
i n  m o d e r a t e  y i e l d s .
D i p e p t i d e  f o r m a t i o n
A l l  b u t  one o f  t h e  d i p e p t i d e s  based on g l y c y l g l y c i n e  and 
g l y c y l - a m i n o  a c i d s  w e re  s y n t h e s i s e d  u s i n g  s o l u t i o n  c h e m i s t r y ,  
i n v o l v i n g  p h t h a l y l - * 3 2 ,  i 3 3 , i 4 5 , i 4 6 ,  F m o c - * 42 . 1 4 8 , 1 49 and e s t e r  
p r o t e c t i n g  g r o u p  c h e m i s t r y .  The o n l y  e x c e p t i o n  was s a r c o s y l g l y c i n e  
w h i c h  was s y n t h e s i s e d  u s i n g  s o l i d  phase  t e c h n o l o g y * 4 s .  No 
N—p r o t e c t i n g  g ro u p  c o u l d  be used t o  p r o t e c t  t h e  am ino  g r o u p  o f  
s a r c o s i n e ,  f o r  s o l u t i o n  p e p t i d e  s y n t h e s i s .
The N - p r o t e c t e d  a m in o  a c i d  can be a c t i v a t e d  by f o r m i n g  an 
a n h y d r i d e * 4 8  o r  an a c i d  c h l o r i d e * 4 8 . T h i s  a c t i v a t e d  N — p r o t e c t e d  
am ino  a c i d  can be c o u p l e d  t o  t h e  am ino  a c i d  e s t e r  by s t i r r i n g  a t
room t e m p e r a t u r e  i n  DMF, o r  a D M F - d ic h 1o r o m e th a n e  m i x t u r e  a t  pH 
9 - 1 0 .  The p r o t e c t i n g  g r o u p s  can be removed by base ( p i p e r i d i n e )  i n  
t h e  c a s e  o f  t h e  e s t e r  and t h e  Fmoc- g r o u p s ,  w h i l e  h y d r a z i n e  removes 
t h e  p h t h a l y l -  p r o t e c t i n g  g r o u p .
Gamma-qlu t a m y l - d o n o r s  and a n a lo g u e s
G a m m a - g lu t a m y l - d o n o r s  and a n a lo g u e s  can be s y n t h e s i s e d  i n  a 
s i m i l a r  manner  t o  t h e  d i p e p t i d e s * s o - i  5 2 .  The a c t i v a t e d  
N - p r o t e c t e d  m o i e t y  can  be c o u p le d  w i t h  an am ine  by h e a t i n g  t o  60 C
i n  g l a c i a l  a c e t i c  a c i d .  The rem o va l  o f  t h e  p r o t e c t i n g  g r o u p  w i t h
h y d r a z i n e  g i v e s  t h e  p r o d u c t  i n  m o d e ra te  y i e l d s .
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T r i t i a t i o n  o f  am ino a c i d s
A c i d - c a t a l y s e d  excha ng e  o f  N - a c e t y l a t e d  am ino  a c i d s *  a o , i 36 
has  been used  t o  p r e p a r e  [ 2 - 3 H ] - g l y c i n e .  The m ethod  c o u l d  be used  
t o  l a b e l  o t h e r  am ino a c i d s *  3 7 , 1 3 8  ^ b u t  w o u ld  l e a d  t o  r a c e m ic  
p r o d u c t s .  T h i s  o f  c o u r s e  i s  i r r e l e v a n t  i n  t h e  c a s e  o f  g l y c i n e .  The 
am in o  a c i d  i s  f i r s t  N - a c e t y l a t e d  w i t h  a c e t i c  a c i d  and a c e t i c  
a n h y d r i d e ,  t h e  c o n d i t i o n s  b e i n g  t a i l o r e d  t o  t h e  am ino  a c i d  i n  
q u e s t i o n .  U s in g  t r i t i a t e d  a c e t i c  a c i d ,  f r o m  a c e t i c  a n h y d r i d e  and 
THO, as  t h e  s o u r c e  o f  t r i t i u m ,  t a u t o m e r i c  e q u i l i b r i a  o f  t h e  
N - a c e t y l a t e d  am ino a c i d s  r e s u l t  i n  excha nge  a t  t h e  a - p o s i t i o n s .  The 
f r e e  [ 2 - 3 H ] - a m i n o  a c i d  i s  t h e n  o b t a i n e d  by a c i d  h y d r o l y s i s  o f  t h e  
a c e t y l  g r o u p .
2 . 2  T a n c #  D i  s c w s s i  o n
The m e th y l  and e t h y l  e s t e r s  o f  am ino  a c i d s  ( 1 - 3 6 )  we re  p r e p a r e d  
by b u b b l i n g  d r y  HCl gas t h r o u g h  an a l c o h o l i c  s u s p e n s io n  o f  t h e  
a p p r o p r i a t e  am ino  a c i d  ( s e e  scheme 1 - 7 ) ,  The r e a c t i o n  was a l l o w e d  
t o  p r o c e e d  a t  room t e m p e r a t u r e  t o  p r e v e n t  r a c e m i z a t i o n .  H ig h  y i e l d s  
o f  78-94% were  o b t a i n e d  w i t h  a h i g h  d e g re e  o f  p u r i t y .  The * H 
n . m . r .  s p e c t r a  o f  t h e  e s t e r s ,  i n d i c a t e d  t h e  p r e s e n c e  o f  a m e th y l  o r  
e t h y l  e s t e r  g r o u p .  The i . r .  s p e c t r a  i n d i c a t e d  t h e  p r e s e n c e  o f  an 
e s t e r  c a r b o n y l  f u n c t i o n  w i t h  bands be tween  1 73 0 -1755  c m - * .
Scheme 1: E s t é r i f i c a t i o n  o f  G l y c i n e
NH2 - C H 2 -C O 2 H NH3 + - C H 2 - c t °  CH3 ' CgHg, C3H7 .OR
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Scheme 2 :  E s t é r i f i c a t i o n  o f  V a r i o u s  Amino A c i d s  
R ‘ R' Q
' ROH _ .... R= CH., C.HN H g — CH — COgH HCl(g)
R'
■CH. (4)
CH2~CH3
-CH— CH.JCH.
(5)
( 6 )
CHg— ÇH— CHg 
CH.
 CH — CHg— CHg
CH.
CH.
(7)
( 8 )
(9)
OH
OH
OH
( 10 )
 (11)
CH. ( 12 )
NH
-CH2—p = i  
N N
V
(13)
NHg ' — CH — C, 
Cl"
R'
2"SOR
CHg— CONHg (14)
C H g — C H g — CONHg ( 15)
(16)CH 3
-C H g — OH ( 17)
-CH 2 — SH (18)
C H 2 — C H 2 “ S — CH3 ( 19)
-CHg —CHg —CHg—NHg (20)
CHg — C H g — C H g — N H — C — NHg (2 1 )IINH
•CH.— CH.— C H . — CH-
CH2 - C H 2 - C H 3 (23)
CHg — S — C H 3  (24) 
(25)
CHg—S—CHg (26)
Scheme 3 :  E s t e r i f i c a t i o n  o f  3 - A l a n i n e  and g a m m a - a m i n o b u t y r i c  A c i d
NH . —  (CH. ) n — CO.H CgHgOHHCl
n=2 (27)
n=3 (28)Cl
Scheme 4 :  E s t é r i f i c a t i o n  o f  a - A m i n o - I s o b u t y r i c  A c i d .
R RINH — C — CO.H I ^R
C2 H5 OH
HCl(g)
R R
N H .^ —C—C 
Cl- '
>0
R OC 2 H 5  
R « =CH 3 , R=H. (29) 
R'=H, R=CH 3  . (30)
3 0 -
SYNTHESIS & PREPARATION
Scheme 5 :  E s t e r i f i c a t i o n  o f  A s p a r t i c  and G l u t a m i c  a c i d
NHg-CH-COgH C2H5OH
(CH,)n HCI(g) " Cl-' - 1 (3 1,
CO.H c=0 (3 2)IOC2 H5
Scheme 6 :  E s t é r i f i c a t i o n  o f  P r o l i n e .
CHp— CH, C2H5OH CH.— CH.
CC2 ,c«  (33,
CO2 H fCl 0CH3
Scheme 7: E s t é r i f i c a t i o n  o f  G l y c y l g l y c i n e  and G l y c y l g l y c y l g l y c i n e .
G O  G O
I I ROH 4 , *NH,— CH.— C — (NH — CH.— C) n — OH -------^ NH. —  CH.— C —  (NH — CHg— C) n — OR ^  ^  ^ HCl(g) ^
n=l R=CH^ (34) 
n=l R^CHgHg (35) 
n=2 R=CH] (36)
I n  o r d e r  t o  p r e v e n t  r a c e m i z a t i o n  o f  t h e  am ino  a c i d ,  d u r i n g  
a c é t y l a t i o n ;  t h e  p r e p a r a t i o n  (scheme 8 - 1 1 )  was c a r r i e d  o u t  
u n d e r  m i l d  c o n d i t i o n s .  S o l u t i o n s  ,we re  made s l i g h t l y  b a s i c  and 
c o o l e d  i n  i c e  b e f o r e  a c e t i c  a n h y d r i d e  was added .  The r e a c t i o n  was 
a l l o w e d  t o  p r o c e e d  a t  room t e m p e r a t u r e  f o r  2 - 3  h o u r s .  T h i s  m i l d  
me thod  a l s o  p r e v e n t e d  any  m o d i f i c a t i o n  o f  g l y c y l g l y c i n e ,  w h i c h  
m i g h t  have been h y d r o l y s e d  u n d e r  h a r s h  a c i d i c  c o n d i t i o n s .  
N - a c e t y l - a m i n o  a c i d s  ( 3 7 - 5 1 )  we re  o b t a i n e d  i n  y i e l d s  o f  76-92%. The 
1 H n . m . r .  and i . r .  s p e c t r a  we re  c o n s i s t e n t  w i t h  t h e  i n d i v i d u a l  
s t r u c t u r e s .
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Scheme 8 :  N - A c e t y l a t i o n  o f  V a r i o u s  Amino A c i d s
-cH-co,H AC2 O C H 3  — C  — N H  — C H  — C O j H
R R
-H ( 3 7 )
“ CH3 (38) ..
CH2 - C H 3 (39)
C H  — C H .  
I
C H .
(4 0 )
C H 2 “ C H — C H 3
C H .
( 4 1 )
ÇH-CH2 - C H 3 (42) 
3
ICH
■ C H .
C H .
( 4 3 )
O H ( 4 4 )
■ C H  — O H  
I
C H .
■ C H . — O H
( 4 5 )
( 4 6 )
■ C H 2  S H  ( ^ 7 )
C H g — C H g  — S  — C H 3  ( 4 8 )
Scheme 9 :  N - A c e t y l a t i o n  o f  G l y c y l g l y c i n e .
o 0 0>1 2M NaOH(aq) " »N H j — C H 2 — C — N H — C H 2 — C O 2 H --------C H 3 — C — NH — C H g — C — N H — C H 2 — COgH
A C . O
( 4 9 )
Scheme 10;  N - A c e t y l a t i o n  o f  ( 3 - A la n in e .
NHg—CH2 —CHg—CO2H 2 M  N a O H ( a ^ ) AC2 O C H 3 — C — N H  C H 2  O H 2  C O 2 H  
( 5 0 )
Scheme 11: N - A c e t y l a t i o n  o f  a - A m i n o - I s o b u t y r i c  A c i d
C H .INH2 — C COgH 
C H .
2 M  N a O H ( a ^ )  
AC2 O
O OH3
C H 3  — C  — N H  — C  — C O g H
C H 3
(51)
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The N - b e n z o y 1 a t i o n  o f  g l y c i n e  and s a r c o s i n e  (scheme 12)  was 
p e r f o r m e d  i n  a manner  s i m i l a r  t o  t h e  above  a c é t y l a t i o n  
p r o c e d u r e s .  M i l d  b a s i c  c o n d i t i o n s  we re  e m p lo y e d  t o g e t h e r  w i t h  
c o o l i n g  and a s l i g h t  e x c e s s  o f  b e n z o y l  c h l o r i d e .  The d e r i v a t i v e s  
w e re  o b t a i n e d  as d r y  w h i t e  p ow de r  (7 8  & 82% ) ,  w i t h  i . r .  s p e c t r a  
c o n s i s t a n t  w i t h  t h e i r  s t r u c t u r e s  (5 2  & 5 3 ) .
Scheme 12; N - B e n z o y l a t i o n  o f  G l y c i n e  and S a r c o s i n e .
R — NH — C H g — COgH 2M NaOH(aq)c i - L g
oII
C — N — CHg —COgH  
R
+ HCl
R=H
R=CH
(52) 
3 (53)
N - F o r m y l - a m in o  a c i d s  ( 5 4 + 5 5 )  w e re  o b t a i n e d  by t r e a t m e n t  w i t h  
f o r m i c  a n h y d r i d e  fo rm e d  i n  s i t u ,  by t h e  a d d i t i o n  o f  a c e t i c  
a n h y d r i d e  t o  f o r m i c  a c i d  w i t h  c o o l i n g  ( s e e  scheme 1 3 ) ,  These  
N - f o r m y l - a m i n o  a c i d s  w e re  o b t a i n e d  as w h i t e  c r y s t a l s  (75 -84%  
y i e l d ) .  The iH  n . m . r .  s p e c t r a  showed a h i g h  f i e l d  p r o t o n  a d j a c e n t  
t o  t h e  c a r b o n y l  f u n c t i o n ,  and t h e  i . r .  s p e c t r a  showed t h e  f o r m a t i o n  
o f  t h e  amide bond.
Scheme 13; N - F o rm y 1a t i o n  o f  G l y c i n e  and G l y c y l g l y c i n e .
h — c AC2 0
OH (5-15-C)
H — C
O
H — C
+ NHg—CHg —C -R
HC — NH — CHg — C — R
R=H (54)
R=NH — C H ^ — COg H  (55)
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G l y c y l g l y c i n a m i d e  ( 5 7 )  was f o rm e d  by a m m o n o ly s is  o f  t h e  m e th y l  
e s t e r  (scheme 1 4 ) .  The m e t h y l  e s t e r  was f o rm e d  i n  s i t u ,  by t h e  
a d d i t i o n  o f  t h i o n y l  c h l o r i d e  t o  a m e t h a n o l i c  s o l u t i o n  o f  
g l y c y l g l y c i n e .  The s o l u t i o n  was t h e n  s a t u r a t e d  w i t h  e x c e s s  gaseous  
ammonia and l e f t  o v e r n i g h t .  The am ide  was i s o l a t e d  i n  87% y i e l d ,  
t h e  i . r .  s p e c t r u m  showed t h e  p r e s e n c e  o f  b o t h  p r i m a r y  and s e c o n d a r y  
a m id e s ,  w h i l e  t h e   ^H n . m . r .  s p e c t r u m  was c o n s i s t e n t  w i t h  
g 1y c y 1 g 1y c i n a m i d e .
Scheme 14: P r e p a r a t i o n  o f  G l y c y l g l y c i n a m i d e .
n i)cH30H +S0CI2 ' n uN H,— CH,— c — NH —  C H,— CO,H --------------►  NH. — CH, — C ~ N H  — CH, — C — NH,
^  ^   ^ ii)NH3 (g) 2 2 2 2
(57)
P h t h a l y l - g l y c i n e  ( 5 8 )  was p r e p a r e d  by f u s i n g  g l y c i n e  and p h t h a l i c  
a n h y d r i d e  a t  1 6 0 - 1 7 0 “ C (schem e 1 5 ) .  The N - p r o t e c t e d  g l y c i n e  was 
i s o l a t e d  and h e a te d  i n  t h i o n y l  c h l o r i d e  t o  g i v e  t h e  a c i d  c h l o r i d e  
( 5 9 )  (86% y i e l d ) .  The H n . m . r  and i . r .  s p e c t r a  i n d i c a t e d  t h e
f o r m a t i o n  o f  an a c i d  c h l o r i d e .
P r e p a r a t i o n  o f  g l y c y l - a m i n o  a c i d s  ( 6 0 - 7 3 )  was c a r r i e d  o u t  by 
r e a c t i n g  p h t h a l y 1 - g l y c y l  c h l o r i d e  ( 5 9 )  and t h e  a p p r o p r i a t e  amino 
a c i d  e s t e r  (m e thod  A, scheme 15) i n  an i n e r t  s o l v e n t ,  eg :  d i o x a n e
o r  DMF, u n d e r  b a s i c  c o n d i t i o n s  a t  RT f o r  6 h o u r s .  Upon rem o va l  o f  
t h e  s o l v e n t s ,  t h e  e s t e r  p r o t e c t i n g  g r o u p  was removed by 
s a p o n i f i c a t i o n .  A f t e r  a c i d i f i c a t i o n  t h e  p h t h a l y l  p r o t e c t i n g  g ro u p  
was s u b s e q u e n t l y  removed w i t h  h y d r a z i n e ,  y i e l d e d  t h e  u n p r o t e c t e d  
g l y c y l - a m i n o  a c i d  ( 8 1 - 9 4 % ) ,
The second  method (m e th o d  B, scheme 16)  i n v o l v i n g  F m o c - g l y c i n e , 
was used  t o  p r e p a r e  g l y c y l - a m i n o  a c i d s  f r o m  t h o s e  amino a c i d s  w h ic h  
c o n t a i n  s i d e  g r o u p s  w h i c h  m i g h t  i n t e r f e r e  w i t h  t h e  c o u p l i n g  o f  t h e  
g l y c i n e  c a r b o x y l i c  a c i d  g r o u p  and t h e  am ino  g ro u p  o f  t h e  am ino 
a c i d .  The s y m m e t r i c a l  a n h y d r i d e  o f  F m o c - g l y c i n e  was p r e p a r e d  i n  a
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d i c h l o r o m e t h a n e - D M F  m i x t u r e  u s i n g  DCCI.  T h i s  a n h y d r i d e  i s  much more  
r e a c t i v e  t h a n  any  f r e e  a c i d  and f a v o u r s  r e a c t i n g  w i t h  a b a s i c  (pH 
9 - 1 0 )  a - a m in o  g r o u p  t h a n  w i t h  any  o t h e r  r e a c t i v e  g ro u p  on t h e  s i d e
ic h a i n  o f  t h e  am ino  a c i d .  The i s o l a t e d  c o u p le d  F m o c - g l y c y l -  
am in o  a c i d  e s t e r  was f u l l y  d e p r o t e c t e d  w i t h  p i p e r i d i n e  and t h e  
d i p e p t i d e  was o b t a i n e d  a t  74-84% y i e l d .
The 1H n . m . r .  o f  a l l  o f  t h e  g l y c y l - a m i n o  a c i d s  p r e p a r e d  by b o t h  | 
m e th o d s ,  c o n f i r m e d  t h e i r  r e s p e c t i v e  s t r u c t u r e s  ( 6 0 - 8 4 ) .  |
A l a n y l -  and G - a l a n y l - a m i n o  a c i d s  ( 8 5 - 8 9 )  w e re  p r e p a r e d  i n  a j 
s i m i l a r  manner  t o  me thod  B (scheme 16)  f o r  t h e  g l y c y l - a m i n o  a c i d s ,  
e x c e p t  t h a t  F m o c - a l a n i n e  and F m o c - (3 - a la n in e  w e re  used .  These  w e re  I 
a v a i l a b l e  c o m m e r c i a l l y .  These  d i p e p t i d e s  w e re  o b t a i n e d  | 
i n  y i e l d s  o f  78-86% w e re  c o n f i r m e d  by  iH  n . m . r . ,
T r i t i a t i o n  o f  N - a c e t y l - g l y c i n e  (scheme 1 7 ) ,  was u n d e r t a k e n  by 
h e a t i n g  u n d e r  r e f l u x  N - a c e t y l - g l y c i n e  ( 3 7 )  i n  a c e t i c  a n h y d r i d e  
w i t h  a t r a c e  o f  HTO. The s p e c i f i c  a c t i v i t y  was f o u n d  t o  be 
82m C i /m m o l .  The a c e t y l - g r o u p  was removed by a c i d  h y d r o l y s i s  t o  
y i e l d  f r e e  [ 2 - 3 H ] - g l y c i ne ( 9 1 )  w i t h  a s p e c i f i c  a c t i v i t y  o f  
80m C i /m m o l .  The [ 2 - 3 H ] - g l y c i n e  e t h y l  e s t e r  ( 9 2 ) ,  was p r e p a r e d  i n  
a s i m i l a r  manner  t o  t h a t  o f  ( 2 ) .  U s in g  F m o c - g l y c i n e  (m e th o d  B, 
scheme 1 6 ) ,  and t h e  t r i t i a t e d  e s t e r ,  [ 2 - 3 H ] - g l y c y 1g l y c i ne ( 9 3 )  
was p r e p a r e d  w i t h  a s p e c i f i c  a c t i v i t y  o f  78m Ci /m m o l .  C o m p a r i s o n  o f  
t h e  1H and n . m . r .  s p e c t r a  c o n f i r m e d  t h e  p o s i t i o n  o f  t h e
r a d i o l a b e l  and t h e  r a d i o c h e m i c a l  p u r i t y  (>99% ) .
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Scheme 15: P r e p a r a t i o n  o f  G l y c y l - A m i n o  A c i d s  v i a  P h t h a l y l - G l y c i n e
/ + NHg-CHg—COgH
160-170*0 N—CHg—COgH
(58)
SOCl.
A (30 MIN.)
Cl
NH-
R
•CH— c: ,0 (C2Hs )3N
OR
(ANY AMINO ACID ESTER.HCl)
NH.
R ’I ^O•CH — C^
OR
N — CHg — C
(59)
Cl
pH 9-10 
6 HOURS
N
R
•CH^— C — NH — CH — C
OH
DI / R—  CHg —  C— NH — CH — C
KOH
CgHgOH/HgO
CH 3 OH
NH2 - N H 2
NH2”  CH2~C-NH— CH — C^-O
OH
GLYCYL-AMINO ACID (60-73)
OR
NHI.NH
—36'
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Scheme 16: P r e p a r a t i o n  o f  G l y c y l - A m i n o  A c i d s  v i a  F m o c - G l y c i n e
C H o - O - C — N H - C H 2 - C O 2 H  lEEEÎl n i (Fmoc— N H — CHg-COgH)
O
Fmoc — NH — CH 2 “ C,
Fmoc —  NH —  CH 2  C;
R*INH2~CH —C>0
OR
(ANY AMINO ACID ESTER)! 
pH 9-10
R
Fmoc— N H - C H 2 - C - N H — CH-C^
OR
(Piperidine)
.0u « ^C — NH — CH —
OH
GLYCYL-AMINO ACID (74-84)
CH.
Fmoc— NH CH CO 2 H (Fmoc-Alanine used to prepare 8  5-86)
Fmoc —  N H — CH 2 — CH 2 — CO 2 H (Fmoc-B-alanine used to prepare 87 89)
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Scheme 17: T r i t i a t i o n  o f  N - A c e t y l - G l y c i n e
[ 2 - 3 h ] ~ g i y c i n e  and [ 2 - 3 H ] ~ G 1 y c y l g l y c i n e .
and P r e p a r a t i o n  o f
CH. •NH — CH- 
(37)
C O n H
T
Ac^O THO
60-C, 2 HOURS
C H 3  — C — N H — C H — COgH 
(90)
T(H — C — C = 0  I IN O \\ /C I
C H o
3M HCl^80-90”C,6HOURS
T
NH2“ CH —CO2 H 
(91)
H — C C 
1N O \\ /CICH-
-OT
H — C — C =  II IN O 
\  /C—T ICH-,
C2H5 OH
HCl(g)
T ,0Fmoc — NH — CH 2  — C — NH — CH OC2 H5
(C2Hg)3N
pH 9-10
(Piperidine)
NH3
Cl
,0
•CH — C
(92)
OCgHg
Fmoc — NH — CH 2 — C O 2 H
(IN DMF + DCCI)
O TII <NH 2  ■~CH2 ~ C  — NH — CH — CO 2 H
(93)
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P r e p a r a t i o n  o f  o t h e r  g l y c y l  compounds (scheme 18)  was c a r r i e d  
o u t  by  h e a t i n g  t h e  p h t h a l y l - g l y c i n e - c h l o r i d e  ( 5 9 )  and t h e  
a p p r o p i a t e  a m in e  i n  d i o x a n .  The p h t h a l y l  p r o t e c t i n g  g r o u p  was 
removed u s i n g  h y d r a z i n e ,  and t h e  g l y c y 1 - p r o d u c t s  ( 9 4 - 9 6 )  we re  
o b t a i n e d  i n  74-92% y i e l d ,  s t r u c t u r e s  w e re  c o n f i r m e d  by  ^H n . m . r . .  
Scheme 18: P r e p a r a t i o n  o f  O t h e r  G l y c y l - C o m p o u n d s .
/
7 0 *c 30 MINSN —CH2 — ^ N H j—R -----------------►
Cl
(59)
/N — C H g — C — NH — R
R= NOg (94)
R= — CH2 —CHg—SOgH (95) 
R=— CH2 —CHg (96)
Scheme 19: P r e p a r a t i o n  o f  B e t a i n y 1 - A m i  no A c i d s .
(CHg) 3 N + -C H 2 - C O 2
DCCI' (CH3 ) 3 N'^ —CH2 —C^  
( C H g )  3 N + — C H g - C ^
o + R — N H — C H g —
O C n H2“ 5
pH 9-10
O. II <>0(CH]) ]N + — CH]— C - N  — CHg-C^
R OC2 H5
R=H (97)
R=CH] (98)
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B e t a i n y l g l y c i n e  ( 9 7 )  and b e t a i n y l s a r c o s i n e  ( 9 8 )  w e re  p r e p a r e d  
f r o m  t h e  c o r r e s p o n d i n g  a m ino  a c i d  e s t e r  and t h e  s y m m e t r i c a l  
a n h y d r i d e  o f  b e t a i n e  (scheme 1 9 ) .  The e s t e r  p r o t e c t i n g  g r o u p  was 
removed by s a p o n i f i c a t i o n ,  and a f t e r  a c i d i f i c a t i o n  t h e  d i p e p t i d e s  
w e re  o b t a i n e d  a t  86% y i e l d  and t h e  i d e n t i t y  o f  t h e  b e t a i n e  
d i p e p t i d e s  w e re  c o n f i r m e d  by iH  n . m . r . .
S a r c o s y l g l y c i n e  (schem e 20 )  was p r e p a r e d  u s i n g  s o l i d  phase
t e c h n o l o g y ,  F m o c - g l y c i n e  was c o u p l e d  t o  a c t i v a t e d  M e r r i f i e l d  r e s i n .  
The Fmoc- p r o t e c t i n g  g r o u p  was removed w i t h  p i p e r i d i n e ,  w h i l e  t h e
s y m m e t i c a l  a p h y d r i d e  o f  s a r c o s i n e . H C l  ( 6 6 )  was p r e p a r e d  s e p a r a t e l y  
w i t h  OCCI. The s y m m e t r i c a l  a n h y d r i d e  was c o u p l e d  t o  t h e  
g l y c i n e - r e s i n ,  t o  f o r m  H C l . s a r c o s y l g l y c i n e - r e s i n , w h i c h  was 
s u b s e q u e n t l y  c l e a v e d  f r o m  t h e  r e s i n  w i t h  TFA. The d i p e p t i d e ,
s a r c o s y l g l y c i n e  ( 9 9 )  was i s o l a t e d  i n  66% y i e l d  and  ^H n . m . r  
c o n f i r m e d  i t s  s t r u c t u r e .
C y s t e i n y l g l y c i n e  (scheme 2 1 )  was o b t a i n e d  by c o u p l i n g  
F m o c - C y s - T r t  and g l y c i n e  e t h y l  e s t e r . H C l  ( 2 )  i n  DMF, v i a  a
s y m m e t r i c a l  a n h y d r i d e  and f r e e  b a s e .  The d i p e p t i d e  was d e p r o t e c t e d  
i n  tw o  s t a g e s ;  t h e  Fmoc- and e s t e r  g r o u p s  w e re  removed w i t h
p i p e r i d i n e ,  t h e n  t h e  -S  p r o t e c t i n g  g r o u p  was c l e a v e d  u s i n g  TFA. The 
f u l l y  d e p r o t e c t e d  d i p e p t i d e  c y s t e i n y l - g l y c i n e  ( 1 0 0 )  was i s o l a t e d  a t  
59% y i e l d  and 1H n . m . r .  c o n f i r m e d  t h e  s t r u c t u r e .
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Scheme 20 :  P r e p a r a t i o n  o f  S a r c o s y l g l y c i n e
Fmoc— NH— CH 2  — cOgH
DCCI----- Fmoc— NH“ CH 2 ” C^
O + /Fmoc— NH— CH 2  —
HO— A — RESIN
OWNH 2 “ CH 2 ~ C — O — A — RESIN
. Piperidine (20% in DMF) j}
---------------------  Fmoc— NH— CH 2 “ C— O — A — RESIN
CH 3  — NH 2 ^ C H 2 — C— OBt 
Cl“
HOBt
CH 3 — NH 2 ^ C H 2 — C — NH— CHg— C — O — A — RESIN 
01 “
TFA
CH3 —NH2 "^CH2 —COgH 
Cl“ CHg — NH 2 "^CH2 — C— NH — CHg— COgH
(99)
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Scheme 21 :  P r e p a r a t i o n  o f  C y s t e i n y l g l y c i n e  
S — T r tI
CHn
F m o c — N H — O H — COgH HOBt
S — Trt
Fmoc— N H — C H — C — OBt
DCCI
S — Trt
I
CHo
Fmoc— N H — C H — C
O \
O
DMF pH 9-10 
IHOURS — Trt
O
Fmoc— N H — CH —  C
CH O
S —  Trt
Fmoc N H  CH —  C — N H  C H ^ C  OCgHg
PIPERIDINE (20% IN DMF)
S — Trt
NHg —  CH —  C  N H  C H g  COgH .
SH
ÇH2 O
N H g  CH —  C  N H  C H g — COgH
TFA
(10% Phenol Scavenger)
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G a m m a -g lu ta m y l -c o m p o u n d s  ( 1 0 8 - 1 1 6 ,  1 2 4 -1 5 8 )  we re  s y n t h e s i s e d  u s i n g  
p h t h a l y 1- g l u t a m i c  a n h y d r i d e  ( 1 0 4 ) ,  h o w e v e r ,  t h e  a n h y d r i d e  was 
p r e p a r e d  by tw o  d i f f e r e n t  m e thods  t o  com pare  t h e  
e x t e n t  o f  r a c e m i z a t i o n  o f  e a c h  p r e p a r a t i o n .
The f i r s t  m ethod  (scheme 2 2 ) ,  i n v o l v e d  f u s i n g  g l u t a m i c  a c i d  and 
p h t h a l i c  a n h y d r i d e  a t  1 6 5 - 1 8 0 * 0 ,  p r o d u c i n g  t h e  N - p r o t e c t e d  g l u t a m i c  
a c i d .  T h i s  was c o n v e r t e d  t o  t h e  a n h y d r i d e ,  u s i n g  a c e t i c  a n h y d r i d e .  
The m a j o r  d i s a d v a n t a g e  o f  t h i s  m e thod  was p o s s i b l e  r a c e m i z a t i o n ,  
b u t  w i t h  c a r e f u l  c o n t r o l  o f  t h e  f u s i n g  t e m p e r a t u r e ,  r a c e m i z a t i o n  
was e l i m i n a t e d .   ^H n . m . r .  and  i . r .  c o n f i r m e d  t h e  f o r m a t i o n  o f  t h e  
a n h y d r i d e  ( 1 8 5 0 ,  1770cm~'‘ ) .
The second  method (scheme 2 3 ) ,  i n v o l v e d  a m i l d e r  a p p ro a c h  t o  t h e  
f o r m a t i o n  o f  t h e  N - p r o t e c t e d  a n h y d r i d e .  The f i r s t  s t a g e  was t h e  
f o r m a t i o n  o f  t h e  g l u t a m i c  d i e t h y l  e s t e r  ( 3 2 )  by h e a t i n g  t h e  a c i d  i n  
an e t h a n o l  s o l u t i o n  i n  t h e  p r e s e n c e  o f  t h i o n y l  c h l o r i d e .  The 
f o r m a t i o n  o f  t h e  d i e s t e r  (92%) was c o n f i r m e d  by iH  n . m . r .  The 
d i e s t e r  ( 3 2 )  was c o u p l e d  w i t h  p h t h a l i c  a n h y d r i d e  i n  e t h e r  a t  room 
t e m p e r a t u r e  o v e r  24 h o u r s ,  r e s u l t i n g  i n  t h e  g e n e r a t i o n  o f  e t h y l  
o - c a r b o x y b e n z o y l - L - g l u t a m a t e  ( 1 0 1 )  (82% y i e l d ) .  T h i s  was f u l l y
p r o t e c t e d  by h e a t i n g  u n d e r  r e f l u x  a s o l u t i o n  o f  ( 1 0 1 )  and t h i o n y l  
c h l o r i d e .  A f t e r  w o r k - u p  e t h y l  p h t h a l y l - L - g l u t a m a t e  ( 1 0 2 )  was 
i s o l a t e d  (9 7 % ) .  The c r u d e  e s t e r  was h y d r o l y s e d  w i t h  c o n c e n t r a t e d  
HCl and a c e t i c  a c i d  t o  y i e l d  p h t h a l y 1 - g l u t a m i c  a c i d  ( 1 0 3 ) .  The 
N - p r o t e c t e d  d i a c i d  ( 1 0 3 )  was c o n v e r t e d  t o  t h e  a n h y d r i d e  ( 1 0 4 )  w i t h  
a c e t i c  a n h y d r i d e  a t  1 0 0 * 0 .  The a n h y d r i d e  p r o d u c e d  by b o t h  m e th ods  
was i d e n t i c a l ,  and t h e  o p t i c a l  r o t a t i o n  showed no r a c e m i z a t i o n ,  
w i t h i n  e x p e r i m e n t a l  e r r o r .
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Scheme 22 :  P r e p a r a t i o n  o f  P h t h a l y 1- G l u t a m i c  A n h y d r i d e  v i a  t h e
F u s i n g  M e th o d .
NHg —CH — C H g — CHg
C0 2 H COoH
165-180*0 
20 MINS
/
N — CH — C H,— CH^— 0 = 0  / I  2 2 ,
C 0 = 0  OHII <O OH (103)
CIIo
ACgO
100*0 5MINS
CH.
N - C H  CH./ , 0  '  'c O' 'o-
o
(104)
A v a r i e t y  o f  g a m m a - g l u t a m y l - d o n o r s  ( 1 0 5 - 1 1 6 )  were  s y n t h e s i s e d  
as o u t l i n e d  i n  scheme 24 & 25 .  T h u s ,  p h t h a l y l - g l u t a m i c  a n h y d r i d e  
( 1 0 4 )  was h e a t e d  w i t h  t h e  a p p r o p r i a t e  a n i l i n e  i n  g l a c i a l  a c e t i c  
a c i d .  The N - p r o t e c t i n g  g r o u p  was removed w i t h  h y d r a z i n e ,  and t h e  
g a m m a - g lu t a m y l - d o n o r s  ( 1 0 5 - 1 1 6 )  w e re  o b t a i n e d  i n  y i e l d s  o f  be tw een  
51-90%. T h e i r  s t r u c t u r e s  w e re  c o n f i r m e d  by  ^H n . m . r .  and t h e i r  
u . v .  s p e c t r a  showed a s h i f t  i n  t h e  lambda max f r o m  t h e  f r e e
. , .  ' fa n i l i n e s .
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Scheme 23 :  P r e p a r a t i o n  o f  P h t h a l y 1- G l u t a m i c  A c i d  v i a  E s t e r
NHn-CH — CHg-CH.ICO-H COgH
C2HgOH+SOCl^ 
A  2 HOURS NH. CH— cHn“ CH., — c;Cl- o OC2 H5
(32a)
OC2 H5
/C IIo
i) pH 9-10
ii) 25*0 24 hours.
CgHgOH
SOCl. A
2 Hours
N — CH — CH.,— CHo — 0=0 / I 2  ^ .
c = o  
ÏÏ '
0  OC2 H5 
( 102 )
OCgHg
N--CH — CH
C O
( 101 )
OCnH2"5
HCl
A
Glacial Acetic Acid
2 Hours
N — CH— CHo— CHo— C=0 / I ^  ^  I
C  =  0  OH! I, OH
(103)
ACtO
100'C 5MINS
CH.D I ™  --c C  ^c o '  0 " %
(104)
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Scheme 2 4 :  P r e p a r a t i o n  o f  V a r i o u s  G am m a-G 1 u ta m y l -D ono rs ,
o
NHo
N - C H  cH 2 +
S o - ' v ' - ' .
o
(104)
a
R
Glacial Acetic Acid 
60-65*0 30 MINS
O II
N H 2 -“ CH — C H 2 ~ C H 2 ~ * C  — NH
COgH Q .
NHg—NH2
C H3O H
R
R= P_N02 (105) 2 -CH3 5 -NO2 (109)
R= m-NOg (106) R= P-CH3 (110)
R= 0 -NO2 (107)
R=H (108)
R= p-CN (111) 
R= P-OCH3 (112)
OIIc o\  II
N — CH — CH, — CH^ — C —  NH / I  -i ^
c = °2«
IIo .Q]R
R= P-C02H (113)
R= p-^^2^2^5 (114)
Scheme 26 :  P r e p a r a t i o n  o f  P r o d u c t s  f r o m  A u t o t r a n s p e p t i d a t i o n .
CH.
o . /N — CH PHA "  2 + NH 2 — C H — C H 2 - C H 2 - C - R
c O o "  - o
o
COoH
Glacial Acetic Acid 
60-65'C30MINS
O
jj_CH— CH 2 “ CH 2 ” C — NH— C H — C H ^ C H 2 ~ C  — R
C C OgH COgH
NH2-NH2
CH3OH
NH2 — CH — C H g — C H 2 — C — NH — CH — C H ^ C H 2 — C — R
CO2 H CO2 H
—46
R= NH2 NO2 (114)
R= CYS-GLY (115)
SYNTHESIS & PREPARATION
G l u t a r y l - p - n i t r o a n i 1i d e  ( 1 1 8 )  was s y n t h e s i s e d  (scheme 2 6 )  f r o m  
p - n i t r o a n i 1 i n e  and g l u t a r y l  a n h y d r i d e  ( 1 1 7 ) ,  w h i c h  was p r e p a r e d  by 
h e a t i n g  u n d e r  r e f l u x  t h e  d i a c i d  i n  a c e t i c  a n h y d r i d e .  The a n i l i d e  
was o b t a i n e d  as a w h i t i s h  powder  i n  64% y i e l d ,  t h e  am ide  bond 
f o r m a t i o n  b e i n g  c o n f i r m e d  by n . m . r .
Scheme 26 :  P r e p a r a t i o n  o f  G l u t a r y l ~ p ~ N i t r o a n i 1 i d e .
NH-
AC2 OCO2 H
CO?H
^ AA 2 Hours
(117)
CHg—CH2 —CH2 
COgH
2 •
Glacial Acetic Acid 
70'C 30MINS
O
NONH
(118)
4 - A m i n o - n - b u t y r i c - p - n i t r o a n n i de ( 1 2 1 )  was s y n t h e s i s e d  (scheme 
2 7 )  i n  a s i m i l a r  manner  t o  g l y c y l - p - n i t r o a n i 1i d e  ( 9 4 ) .  The
N - p r o t e c t e d  p h t h a l y 1- 4 - a m i n o  b u t y r i c  a c i d  ( 1 1 9 )  was p r e p a r e d  by 
f u s i n g  p h t h a l i c  a n h y d r i d e  and 4 - a m i n o - n - b u t y r i c  a c i d .  T r e a t m e n t  
w i t h  t h i o n y l  c h l o r i d e  p ro d u c e d  t h e  a c i d  c h l o r i d e  ( 1 2 0 ) ,  as  was 
c o n f i r m e d  by i . r .  ( 1 8 1 5 c m - i ) .  The c o u p l i n g  o f  t h e  a c i d  c h l o r i d e  
t o  p - n i t r o a n i 1 i n e  and re m o va l  o f  t h e  p r o t e c t i n g  g r o u p  y i e l d e d  
4 - a m i n o - n - b u t y r i c - p - n i t r o a n i 1 i d e  ( 1 2 1 )  a t  68%.
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Scheme 2 7 :  P r e p a r a t i o n  o f  4 - A m i n o - n - B u t y r i c - p - N i t r o a n i 1 id e
NH0 -C H 2 -C H 2 -C H 2 -C O 2 H
/
\
JL6Ü=170:.C. 
30 MINS
O
N — CH o — C —  NH
/
NH
\
/
N—CHg—CH2 —CH2 —CO2 H
(119)
SOCl
A 30 MINS
/ f
O (120)
'Glacial Acetic Acid 
70*C 30 MINS
NH2 -N H 2 
CH 3 OH
O IINH2“ CH2“ CH2““ CH2~"C-"NH NO.
( 121)
| 3 - A s p a r t y 1 - p - n i t r o a n i l i d e  (1 2 3 )  w a s  p r e p a r e d  ( s c h e m e  2 8 )  i n  a 
s i m i l a r  m a n n e r  t o  g a m r a a - g l u t a m y l - p - n i t r o a n i 1 i d e  ( 1 0 5 ) ,
P h t h a l y l - a s p a r t y l  a n h y d r i d e  ( 1 2 2 )  w a s  p r e p a r e d  b y  f u s i n g  a s p a r t i c  
a c i d  a n d  p h t h a l  i c  a n h y d r i d e ,  f o l l o w e d  b y  t r e a t m e n t  w i t h  a c e t i c  
a n h y d r i d e .  W h e n  c o u p l e d ,  t h e  p h t h a l y l  p r o t e c t i n g  g r o u p  w a s  r e m o v e d  
w i t h  h y d r a z i n e  t o  y i e l d  p - a s p a r t y l - p - n i t r o a n i 1 i d e  ( 1 2 3 )  a t  72%, 
w h i c h  w a s  p u r i f i e d  i n  a  s i m i l a r  m a n n e r  t o  t h e  g a m m a - g l u t a m y l  
a n a lo g u e  ( 1 0 4 ) .
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Scheme 2 8 :  P r e p a r a t i o n  o f  3 - A s p a r t y l - p - N i t r o a n i 1 id e .
NHg—CH-CHg—COgH
COgH
o
165-180*0  ^ N —CH-CHo—COoH r I z «i
COoH20 MINS
O
100*0 5 MINS
NH O
N — O H — OH
+
( 122)
Glacial Acetic Acid 
60-65*0 30 MINS
NON — CH — O H , — C — NH f I ^OOgHII NHNH
O IINHg — CH — C H 2 — C — NH 
OOoH
NO.
(123)
G a m m a -g lU ta m y l-a m in o  a c i d s  ( 1 2 4 - 1 5 8 )  w e re  p r e p a re d  (schem e 29) 
by c o u p l i n g  t h e  a p p r o p r i a t e  a m ino  a c i d  e s t e r  ( 1 - 3 6 )  w i t h  
p h t h a l i c - L - g l u t a m i c  a n h y d r id e  ( 1 0 4 )  u n d e r  b a s i c  c o n d i t i o n s  (pH 
9 - 1 0 )  i n  d io x a n .  As w i t h  t h e  g l y c y l - a m i n o  a c i d s  ( 6 0 - 7 3 )  t h e  e s t e r  
and p h t h a l y l  p r o t e c t i n g  g ro u p s  w e re  rem oved by s a p o n i f i c a t i o n  and 
t r e a t m e n t  w i t h  h y d r a z i n e  r e s p e c t i v e l y .  The r e s u l t i n g  
g a m m a -g lu ta m y l-a m in o  a c i d s  ( 1 2 4 - 1 5 8 )  w e re  o b t a in e d  i n  51-82%  y i e l d  
and t h e i r  s t r u c t u r e s  c o n f i r m e d  by  ^H n . m . r . .
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Scheme 2 9 :  P r e p a r a t i o n  o f  G a m m a -G lu ta m y l-A m in o  A c id s
o
/ t ^ Amino A cid  Ester (1-38)
(1 0 4 ) pH 9 -1 0  
2 5 *C  24 H ours
\  8H - C H - C H z - C H g - C - N H - C H
J  iojH
It
o
KOH'C2K5OH/H2O
O
H—CH—CHg—CHg—C"MH CH C^ ^
/  CO^H 
II
^  ^ NHg NHgCH3QK
?, r  ,.o
C02IÎ
Gamma-Glutamyl-Amino Acid (124-158)
D L - 5 - o x o - n o r l e u c i n e  ( 1 5 9 )  was s y n t h e s i s e d  f r o m  t h e  r e a c t i o n  o f  
m e th y l  v i n y l  k e to n e  w i t h  d i e t h y l  a c e ta m id e  m a lo n a te  i n  an e t h a n o l i c  
s o l u t i o n  o f  s o d iu m  e t h o x i d e  (schem e 3 0 ) .  The e t h y l  e s t e r  and 
N - a c e t y l  p r o t e c t i n g  g ro u p s  w e re  rem oved and t h e  d i a c i d  
d e c a r b o x y la t e d  by h e a t i n g  t o  r e f l u x  u n d e r  a c i d i c  c o n d i t i o n s .  Upon 
n e u t r a l i s a t i o n  D L - 5 - o x o - n o r l e u c i ne ( 1 5 9 )  was i s o l a t e d  a t  35% y i e l d ,  
i t s  s t r u c t u r e  was c o n f i r m e d  by 1H n . m . r . .
E s t é r i f i c a t i o n  o f  m a le i c  a c i d  (schem e 3 1 )  by h e a t i n g  t o  r e f l u x  
i n  a m i x t u r e  o f  e t h a n o l  and t o lu e n e  i n  t h e  p re s e n c e  o f  c o n c e n t r a t e d  
s u l p h u r i c  a c i d ,  y i e l d e d  t h e  d i e s t e r ( 1 6 1 )(6 2 % ) and t h e  m o n o e s te r  
( 1 6 0 )  (25%) a f t e r  d i s t i l l a t i o n .  T h e i r  r e s p e c t i v e  s t r u c t u r e s  w ere
c o n f i r m e d  by iH  n . m . r . .
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Scheme 3 0 : S y n t h e s is  o f  D L - 5 - 0 x o ~ n o r le u c in e
_  n " '  II
CH2 C CH CHg + HC NH---------C -------CHj
CO2C2HS
I )  EtOH ♦ Mo 2 Hour*
( i J Reflux 6  Hour*
II P'""' \\
CK3  C CH2  EH2  1  NH C--------CH3
CO2C2H5
i )  HCl C3HÎ Reflux 1 Hour 
11) Cone, HCl Reflux 5 Hours 
111) Cone. NH^OH
3  C CH2 CHg CH COgH
<159)
Scheme 3 1 :  E s t é r i f i c a t i o n  o f  M a le i c  A c id .
^co?H  _ _
H CO2 H
C2 H5 OH
A  24 Hours H
OC,H=
O
(1 6 0 )
H
H
<j 0 C2 H5 
^OH
O
( 161 )
N - A c e t y 1 a t i o n  o f  p - n i t r o a n i ! i n e  (schem e 3 2 )  was a c h ie v e d  by 
h e a t i n g  t o  r e f l u x  i n  g l a c i a l  a c e t i c  a c id  and a c e t i c  a n h y d r id e .  
A f t e r  e v a p o r a t i o n  o f  t h e  e x c e s s  s o l v e n t ,  r e c r y s t a l l i s a t i o n  y i e l d e d  
N - a c e t y l - p - n i t r o a n i 1 id e  ( 1 6 2 )  (69% ),  s t r u c t u r e  was c o n f i r m e d  by
 ^H n . m . r . .
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Scheme 3 2 :  N - A c e t y 1a t i o n  o f  p - N i t r o a n i 1 in e
Glacial Acetic Acid 
AcgO A  1 Hour
2 .3  E x o ^ r ~ i  t a  1
F u l l  d e t a i l e d  e x p e r im e n t a l  p ro c e d u re s  o f  t h e  s y n t h e s i s  and 
p r e p a r a t i o n  o f  t h e  g a m m a -g lu ta m y l d o n o rs ,  a c c e p t o r s ,  p r o d u c t s  a re  
d e s c r ib e d  in  A p p e n d ix  1.
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GAMMA-GLUTAMYL DONORS
3 .  1 X M T R O D U O n r  X O M
The enzyme g a m m a -g lu ta m y l t r a n s p e p t i d a s e  (GGT) c a t a l y s e s  t h e  
t r a n s f e r  o f  t h e  g a m m a -g lu ta m y l m o ie t y  f r o m  a g a m m a -g lu ta m y l d o n o r  
( s u c h  as  g l u t a t h i o n e ) ,  t o  a v a r i e t y  o f  a c c e p t o r s  i e :  a m in o  a c i d s  o r
d i p e p t i d e s .  The p r o d u c t  o f  t h i s  t r a n s p e p t i d a t i o n  r e a c t i o n  i s  a
g a m m a - g lu ta m y l - a c c e p to r  and a b y - p r o d u c t ,  c y s t e i n y l g l y c i n e  i n  t h e  
c a s e  o f  g l u t a t h i o n e ,  a c c o r d in g  t o  t h e  f o l l o w i n g  r e a c t i o n :
•TRANSPEPXrDATION- AN A M IN O  ACID  IS TH E  ACCEPOR
GLUTATHIONE +  A M IN O  A C ID  G LU -A M IN O  A C ID  +  CYS-GLY
The t r a n s p e p t i d a t i o n  r e a c t i o n  i s  o n l y  one o f  3 c o n c u r r e n t  r e a c t i o n s
w h ic h  can  o c c u r .  I n  t h e  ab se n ce  o f  an added a c c e p t o r ,  a
g a m m a -g lu ta m y l d o n o r  can u n d e rg o  t h e  f o l l o w i n g  tw o  r e a c t i o n s :
HYDROLYSIS- WATER BEING TH E  ACCEPTOR
GLUTATHIONE +  WATER C:J> GLUTAMATE +  CYS-GLY  
AUTOTRANSPEPTIDATION- TH E  DONOR IS ALSO AN ACCEPTOR
2 G LUTATHIO NE (  G LU-G LUTATHIO NE + CYS-GLY
The a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  t a k e s  p la c e  be ca u se  t h e  
g a m m a -g lu ta m y l d o n o r  be h a ve s  as  an a c c e p t o r ,  t h u s  f o r m in g  a
g a m m a -g lu ta m y 1-g a m m a -g lu ta m y 1 d o n o r .
The o b j e c t i v e  o f  t h e  n e x t  t h r e e  c h a p t e r s  i s  t o  i n v e s t i g a t e  t h e  
a c t i v e  s i t e  w h ic h  i s  l o c a t e d  on t h e  l i g h t  s u b u n i t  o f  t h e  enzyme 
GGT.93 T h is  i n c lu d e s  i d e n t i f y i n g  how many s e p a r a t e  b i n d i n g  s i t e s  
t h e r e  a r e  i n  t h e  a c t i v e  s i t e ,  and w h e th e r  t h e s e  s i t e s  o v e r l a p .  The 
s t r u c t u r a l ,  s t e r i c  and e l e c t r o n i c  f a c t o r s  f o r  each  b i n d i n g  s i t e  a r e  
i n v e s t i g a t e d  s e p a r a t e l y ,  u s in g  a v a r i e t y  o f  g a m m a -g lu ta m y l d o n o rs  
( t h i s  C h a p t e r ) ,  a c c e p t o r s  ( C h a p te r  4 ) ,  i n h i b i t o r s  and c a t a l y s i n g
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a g e n ts  ( C h a p te r  5 ) .  The p in g - p o n g  m echan ism  o f  t h i s  enzyme i s  
r e l a t i v e l y  w e l l  u n d e r s t o o d , 9 3 ,9 4  b u t  t h e  k i n e t i c s  have  n o t  been 
so  w e l l  d o cu m e n te d ,  m a in l y  due t o  t h e  c o m p le x  k i n e t i c s  r e s u l t i n g  
f r o m  t h e  num erous r e a c t i o n s  w h ic h  t h e  key  g a m m a -g lu ta m y l-e n z y m e  
i n t e r m e d i a t e  can  u n d e rg o .  The f o r m a t i o n  o f  t h i s  key  i n t e r m e d i a t e  
i e :  g a m m a -g lu ta m y l-e n z y m e , as  b e in g  t h e  r a t e  d e t e r m in i n g  s t e p ,  i s
a l s o  e x p lo r e d .
T h i s  c h a p t e r  w i l l  i n v e s t i g a t e  some o f  t h e  b a s i c  f e a t u r e s  o f  t h e  
e n z y m ic  r e a c t i o n s ,  as w e l l  as s t u d y i n g  i n  d e t a i l  t h e  v a r i o u s  
a s p e c ts  o f  t h e  g a m m a -g lu ta m y l d o n o rs  and t h e  b i n d i n g  s i t e .  The 
f o r m a t i o n  o f  a g a m m a -g lu ta m y l-e n z y m e  i n t e r m e d i a t e ,  as  p a r t  o f  a 
p in g - p o n g  m echan ism  has been p o s t u l a t e d  by many i n v e s t i g a t o r s .
T h i s  p r o v id e s  an o p p o r t u n i t y  t o  s t u d y  t h e  tw o  p a r t s  o f  t h e  r e a c t i o n  
s e p a r a t e l y .  The f i r s t  h a l f  o f  t h e  m echan ism  w i l l  be d e a l t  w i t h  i n  
t h i s  c h a p t e r ,  i e :  t h e  b i n d i n g  o f  t h e  g a m m a -g lu ta m y l - d o n o r  t o  t h e  
enzyme and i t s  s u b s e q u e n t  h y d r o l y s i s  t o  f o r m  t h e  i n t e r m e d i a t e .  The 
s e c o n d  h a l f ,  t h e  f o r m a t i o n  o f  t h e  g a m m a -g lu ta m y l a c c e p t o r  w i l l  be
d e s c r ib e d  i n  C h a p te r  4 .
V a r io u s  g a m m a -g lu ta m y l s u b s t i t u t e d  a n i l  i d e s  w e re  s y n t h e s i s e d  
( C h a p te r  2 )  and used  t o  a s c e r t a i n  w h e th e r  t h e  s u b s t i t u t e d  a n i l i n e  
m o ie t y  o f  t h e  g a m m a -g lu ta m y l a n i l  i d e s  had any  s i g n i f i c a n t  e f f e c t  on 
t h e  b i n d i n g  o f  t h e  g a m m a -g lu ta m y l d o n o r  t o  t h e  a c t i v e  s i t e .  
A n a lo g u e s  o f  g a m m a - g lu t a m y l - p - n i t r o a n i1 id e  ( G - p - N A ) ,  w e re  
s y n t h e s i s e d  ( C h a p te r  2 )  and used t o  i n v e s t i g a t e  t h e  b i n d i n g  
p r o p e r t i e s  o f  t h e  gamma—g lu t a m y l  m o ie t y  o f  t h e  d o n o r .  The a —am ino  
and a - c a r b o x y l  g ro u p  w e re  s y s t e m a t i c a l l y  rem oved and t h e  l e n g t h  o f  
t h e  c a rb o n  c h a in  was a l t e r e d ,  i e : :  t o  | 3 - a s p a r t y l .
D e t a i l e d  s t u d i e s  o f  t h e  r a t e s  o f  t h e  3 c o n c u r r e n t  r e a c t i o n s ;  
h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n ,  w e re  c a r r i e d  
o u t ,  a t  v a r i o u s  pH v a lu e s  u s in g  G -p-NA and g lu t a m in e  ( G in )  as
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g a m m a -g lu ta m y l d o n o r s ,  i n  t h e  a b s e n c e  and p re s e n c e  o f  an a c c e p t o r .  
The p r o d u c t s  f r o m  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n s  w e re  i d e n t i f i e d  by 
c o m p a r in g  them  w i t h  s y n t h e t i c a l l y  p r e p a re d  com pounds ( C h a p te r  2 ) ,  
i n c l u d i n g  g a m m a -g lu ta m y l-a m in o  a c i d s /  d i p e p t i d e s  and g a m m a -g lu ta m y l 
-g a m m a -g lu ta m y l  d o n o r  ( p r o d u c t s  o f  a u t o t r a n s p e p t i d a t i o n ) .  These  
p r o d u c t s  w e re  s u b s e q u e n t l y  t e s t e d  t o  see  i f  t h e y  c o u ld  a c t  as  
g a m m a -g lu ta m y l d o n o r s .
3 .2  R ! E 3 U L - ~ r 3
3 . 2 . 1  I n v e s t i g a t i n g  t h e  D o n o r  M o ie t v  o f  t h e  G am m a-G lu tam y l D o n o r
A v a r i e t y  o f  g a m m a -g lu ta m y l d o n o rs  w e re  s y n t h e s i s e d  (s e e  C h a p te r  
2 )  and t h e  r a t e  o f  t h e i r  t r a n s p e p t i d a t i o n  r e a c t i o n s  was m easu red  a t  
pH 8 . 5 .  T h is  was a c h ie v e d  by q u a n t i t a t i v e  a n a l y s i s  ( h . p . l . c )  o f  t h e  
t r a n s p e p t i d a t i o n  p r o d u c t ,  g a m m a - g lu ta m y l - m e th io n in e .  M e t h io n in e  
(20mM) was used t o  s t u d y  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  b e c a u s e  i t  
i s  a good a c c e p t o r  ( s e e  C h a p te r  4 )  and d i r e c t  c o m p a r is o n s  c o u ld  be 
made w i t h  w o rk  by T a te  and M e i s t e r , 9 3 , a 4 The r e l a t i v e  
t r a n s p e p t i d a t i o n  r a t e s  o f  v a r i o u s  g a m m a -g lu ta m y l d o n o rs  a r e  shown 
i n  T a b le  3 . 1 ,  t h e s e  d e t e r m i n a t i o n s  a r e  t h e  mean o f  tw o  s e p a r a te  
d e t e r m i n a t i o n s ,  each  d e t e r m i n a t i o n  b e in g  c a r r i e d  o u t  i n  d u p l i c a t e  
( e r r o r  ± 5%).
The r e l a t i v e  r a t e s  shown i n  T a b le  3 . 1 ,  o n l y  show t h e  e f f e c t  t h e  
v a r i o u s  d o n o r  m o ie t i e s  h a ve  on t h e  t r a n s p e p t i d a t i o n  r e a c t i o n ,  
t h e y  do n o t  show t h e  e f f e c t  on t h e  o v e r a l l  r a t e  o f  r e a c t i o n ,  
w h ic h  a l s o  i n c l u d e s ,  h y d r o l y s i s  and a u t o t r a n s p e p t i d a t i o n  r e a c t i o n s .  
H o w eve r,  i t  i s  p r o b a b le  t h a t  t h e  r a t e  o f  t r a n s p e p t i d a t i o n  does  
r e f l e c t  t h e  o v e r a l l  r a t e  o f  r e a c t i o n .
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T a b le  3 . 1 :  T r a n s p e p t i d a t i o n  r a t e s  o f v a r i o u s g a m m a -g lu ta m y 1 -
G am m a-G lu tam yl D onor R e l a t i v e  A c t i v i t y
G lu t a t h i o n e 100 (1 0 0 )
* G l u t a t h i o n e  D i s u l f i d e (2 2 )
* G lu t a t h i o n e  S -M e th y l ( 5 9 )
* S -P ro p a n o n e (1 6 5 )
* S -A c e ta m id e (1 7 2 )
* S -A c e to p h e n o n e (1 8 5 )
* S - A c e t y l ( 1 4 6 )
* S -B e n z o y l (1 2 4 )
* S - P y r u v o y l ( 6 2 )
G l u t a m y l - p - N i t r o a n i 1 id e 221 (2 1 8 )
G l u t a m y l - m - N i t r o a n i 1 id e 123
G lu t a m y l - o - N i  t r o a n i 1 id e 102
D - G l u t a m y l - p - N i t r o a n i 1 id e 35 ( 4 3 )
* L - a - M e t h y 1-G am m a-G lu tam y1- p - N i t r o a n  i l i d e ( 9 )
* G1u t a m y 1 - N - M e t h y l - p - N i t r o a n i 1 id e ( 0 )
G l u t a m y l - p - M e t h y l a n i 1 id e 87
G l u t a m y l - A n i1 id e 76
G lu t a m y 1 - p - H y d r o x y a n i1 id e 111
G lu t a m y l - p - M e t h o x y a n i1 id e 106
G l u t a m y l - p - C h l o r o a n i 1 id e 109
G lu ta m y 1 - p - C y a n o a n i1 id e 123
G lu t a m y l - p - A m in o b e n z o ic  A c id 204
G lu ta m y l - p - A m in o b e n z o ic  E t h y l  E s t e r 134
* G lu ta m y 1 -a -N a p h th y la m i  ne (1 0 4 )
* Gl u ta m y l - |3 - N a p h th y l  ami ne (1 0 5 )
* G lu ta m y 1 -7 -A m in o - 4 - M e th y 1 c o u m a r i  n (1 6 6 )
* G lu ta m i ne 7 ( 2 2 )
* G lu t a m y 1 - t - B u t y l a m ide ( 1 4 )
* G lu t a m y l - D im e t h y la m id e ( 0 )
G lu t a m y l - B e n z y l  E s t e r 76
R e l a t i v e  a c t i v i t y  i s  t h e  r a t i o  o f  g a m m a - g lu ta m y l - m e th io n in e  fo rm e d  
w i t h  m e t h io n in e  (20mM) and a d o n o r  (2 .5 m M ),  w here  g l u t a t h i o n e  i s  
t h e  c o n t r o l .  An a r b i t a r y  v a lu e  o f  100 was g i v e n  t o  t h e  r a t e  when
g l u t a t h i o n e  was t h e  d o n o r ,  t h e  s p e c i f i c  r a t e  was 6 .2 p m o le s
m in "  mg- 1 .
*  Work by T a te  & M e is t e r , » ^  and Cook e t  a l . is o  V a lu e s  i n
p a r e n th e s e s  t h e i r  c o m p a r is o n  w i t h  t h i s  w o rk .
No t r a n s p e p t i d a t i o n  p r o d u c t s  w ere  d e t e c t e d  w i t h  t h e  i 
g a m m a -g lu ta m y l a m id e s  o f  e i t h e r  N - m e t h y l - p - n i t r o a n i 1 i ne o r  
d i m e t h y l a m i n e . 9 4 , 1 5 8  These  com pounds a re  n o t  h y d r o ly s e d  by t h e  
enzyme and as  s u c h  a r e  u n a b le  t o  f o rm  t h e  g a m m a -g lu ta m y l-e n z y m e  
i n t e r m e d i a t e .  A l l  o f  t h e  g a m m a -g lu ta m y l p - s u b s t i t u t e d  a r o m a t i c
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a m id e s  s t u d ie d  h e r e  fo rm e d  t r a n s p e p t i d a t i o n  p r o d u c t s .  The n i t r o -  
and c a r b o x y l i c  a c i d  d e r i v a t i v e s  w e re  fo u n d  t o  be t h e  b e s t  d o n o r s ,  
w h i l e  t h e  o t h e r s  gave  v e r y  s i m i l a r  a c t i v i t y  r a t i o s ,  i e ;  be tw e en  
9 0 -1 2 0 .  The p re s e n c e  o f  an e t h y l  e s t e r  g ro u p  a t t a c h e d  t o  t h e  
p - c a r b o x y l i c  a c i d  d e r i v a t i v e  g r e a t l y  re d u c e d  t h e  t r a n s p e p t i d a t i o n  
r a t e ,  com pared  t o  t h a t  o f  t h e  f r e e  a c i d .  S t u d ie s  o f  t h e  s u b s t i t u t e d  
g a m m a -g lu ta m y l n i t r o a n i 1 id e s  show t h a t  as  t h e  n i t r o  g ro u p  i s  moved 
f r o m  o r t h o -  t o  m e ta -  and t o  p a r a -  t h e  r e l a t i v e  r a t e  i n c r e a s e s .  The 
D - is o m e r  amd t h e  a - m e th y l  d e r i v a t i v e  o f  G -p-N A  d i d  u n d e rg o  
t r a n s p e p t i d a t i o n , 9  ^ 9 2 b u t  a t  a much re d u c e d  r a t e  com pared  t o  
t h e  L - i s o m e r .  The e x t e n t  o f  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  o f  
g lu t a m in e  was shown t o  be o n l y  3% o f  t h a t  o f  G -p-N A  ( T a b le  3 . 1 ) ,  
w h ic h  s u g g e s ts  t h a t  G in  i s  a p o o r  d o n o r ,  w h i l e  G -p-NA i s  a good 
d o n o r .  C o m p a r is o n  w i t h  t h e  t r a n s p e p t i d a t i o n  r a t e  o b s e rv e d  f o r  G in  
by T a te  and M e is te r 9  3 shows t h e i r  r a t e  was 3 t im e s  t h a t  o b s e rv e d  
i n  t h i s  s t u d y ,  t h i s  may be b e ca u se  o f  d i f f e r e n t  s o u r c e s  o f  GGT.
The f o r m a t i o n  o f  a t r a n s p e p t i d a t i o n  p r o d u c t  f r o m  g a m m a -g lu ta m y 1 
b e n z y l  e s t e r  ( T a b le  3 . 1 ) ,  shows t h a t  t h e  e s t e r  was h y d r o l y s e d  by 
t h e  enzyme and t h u s  g a m m a -g lu ta m y l e s t e r s  a r e  a b le  t o  behave  as 
g a m m a -g lu ta m y l d o n o r s ,  t h i s  c o n f i r m s  p r e v io u s  s t u d i e s . ? 5%
3 . 2 . 2  I n v e s t i g a t i n g  t h e  G am m a-G lu tam vl M o ie t y  o f  
Gamma-G1u ta m y 1 D o n o rs
The r e l a t i v e  r a t e s  o f  f o r m a t i o n  o f  p - n i t r o a n i 1 in e  (p -N A )  f r o m  
v a r i o u s  G -p-NA a n a lo g u e s  (2mM) w e re  s t u d i e d  ( T a b le  3 . 2 )  i n  t h e  
a b s e n c e  and p re s e n c e  o f  g l y c y l g l y c i n e  (26mM) t o  g a in  i n f o r m a t i o n  
a b o u t  t h e  b i n d i n g  o f  t h e  g a m m a -g lu ta m y l m o ie t y  o f  t h e  d o n o r  t o  t h e  
a c t i v e  s i t e .
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T a b le  3 . 2 :  H y d r o l y s i s  o f  G -p - NA and i t s a n a lo g u e s .
A c t i v i t y R a t i o
G 1 u ta m y l-D o n o r None G ly g l y C a t a l y s i i
G—p—NA (105  ) 100 500 5 . 0G -G -p -N A  ( 1 1 4 ) 52 82 1 .6A s p -p -N A  (1 2 3 ) < 0 .0 1 < 0.01
4 - A m B ut-p -N A  (1 2 1 ) < 0 .4 < 0 .6 «1 .5G l u t a r y l - p - N A  (1 1 8 ) < 0 .1 < 0 .3 « 3 ,0G -o-N A  (1 0 7 ) 58 246 4 . 2G-m-NA (1 0 6 ) 76 378 5 . 0D -G -p -N A  (1 0 5 a ) 7 .5 49 6 .5G ly - p -N A  (9 4 ) 1 .5 1 .6 »1 .1N -A c -p -N A  ( 1 6 2 ) <0 .1 <0.1 —
A c t i v i t y  r a t i o s  (mean o f  3 r e p l i c a t e s  ± 3 .5% ) a r e  t h e  c o m p a r is o n  o f  
t h e  r a t e  o f  f o r m a t i o n  o f  p -NA f r o m  a d o n o r  com pared  w i t h  G -p -N A . 
The d o n o r  G -p-NA h a v in g  an a r b i t r a r y  v a lu e  o f  100 ( s p e c i f i c  r a t e  
1 2 .7 p m o le s  m in~?mg“ ? ) .  Numbers i n  p a r e n th e s e s  r e f e r  t o  
s t r u c t u r e s  o f  t h e  d o n o rs  as  d e p i c t e d  i n  C h a p te r  2 .
* C a t a l y s i n g  F a c t o r :  r a t i o  o f  r a t e s  i n  p re s e n c e  and a b se n ce  o f  
g l y c y l g l y c i n e .
T a b le  3 .2  shows s t r i k i n g  d i f f e r e n c e s  i n  t h e  r a t e s  o f  
p-NA f o r m a t i o n  f r o m  t h e  v a r i o u s  a n a lo g u e s  o f  Q -p -N A . They show 
c o m p r e h e n s iv e ly  t h a t  t h e  t h e  g a m m a -g lu ta m y l m o ie t y  o f  t h e  d o n o r  
m us t c o n t a i n  an a -a m in o  and an a - c a r b o x y l  g r o u p .  T h i s  i s  
h i g h l i g h t e d  by t h e  la c k  o f  h y d r o l y s i s  o f  g l u t a r y 1 - p - N A  and 
4 - a m in o b u t y r a t e - p - N A  r e s p e c t i v e l y .  The s p e c i f i c t i y  a l s o  e x te n d s  t o  
t h e  le n g t h  o f  t h e  s i d e  c h a in ,  i e :  GGT does  n o t  h y d r o l y s e
p - a s p a r t y l - p - N A  f a s t e r  t h a n  t h e  b a c k g ro u n d  h y d r o l y s i s  (< 0 .0 1 % ) .  
Thus t h e  s p e c i f i c i t y  o f  t h e  g a m m a -g lu ta m y l t o  3 - a s p a r t y l  i s  g r e a t e r  
t h a n  104.
G ly c y l - p - N A  was h y d r o l y s e d  t o  some e x t e n t  (1%) b u t  t h i s  may be 
due t o  some p e p t i d a s e  a c t i v i t y  a s s o c ia t e d  w i t h  G G T . ? 2 a , 1 5 2  
P e p t id a s e  a c t i v i t y  has  been shown t o  e x i s t  i n  u n p u r i f i e d  
p r e p a r a t i o n s , ? 5 2 b u t  t h e  enzyme used  i n  t h e s e  s t u d i e s  w e re
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p u r i f i e d  t o  1 0 - 1 5 u n i t s  m g -? .  An a l t e r n a t i v e  e x p l a i n a t i o n  i s  t h a t  
h y d r o l y s i s  may o c c u r  by p r e f e r e n t i a l  b i n d i n g  o f  t h e  p-NA r i n g  t o
t h e  enzym e, i n  su ch  an o r i e n t a t i o n  as t o  a l l o w  c le a v a g e  o f  t h e
am ide  b on d . The g l y c y l  r e s id u e  may be s m a l l  enough n o t  t o  i n t e r f e r e  
w i t h  t h e  r e s t  o f  t h e  a c t i v e  s i t e  H o w eve r,  t h i s  does  n o t  e x p l a i n  why 
N - a c e t y l - p - N A  was n o t  h y d r o l y s e d .
As was shown p r e v i o u s l y  i n  t h e  t r a n s p e p t i d a t i o n  s t u d y  ( 3 . 2 . 1 ) ,  
t h e  D - is o m e r ,  as w e l l  as t h e  L -  is o m e r  o f  G -p-NA a r e  a b le  t o  a c t  as 
g a m m a -g lu ta m y l d o n o r s  ( T a b le  3 . 2 ) ,  i n d i c a t i n g  t h a t  t h e  
g a m m a -g lu ta m y l m o ie t y  o f  t h e  d o n o r  does  n o t  have  t o  be
s t e r e o s p e c i f i c .  G a m m a -g lu ta m y l-g a m m a -g lu ta m y 1 -p -N A  (G -G -p -N A )  a 
p r o d u c t  o f  t h e  a u t o t r a n s p e p t i d a t i o n  r e a c t i o n ,  i s  a l s o  h y d r o l y s e d  by 
GGT t o  f o rm  g lu ta m a te  and G -p -N A , w h ic h  i s  s u b s e q u e n t l y  h y d r o l y s e d  
t o  g lu ta m a te  and p -N A . T h i s  h i g h l i g h t s  t h a t  a u t o t r a n s p e p t i d a t i o n  
p r o d u c t s  a r e  th e m s e lv e s  g a m m a -g lu ta m y l d o n o r s .  The a d d i t i o n  o f  
g l y c y l g l y c i n e  as an a c c e p t o r  t o  G -G -p -N A o n l y  c a u s e s  a r a t e
e n h ancem en t o f  1 . 5 ,  com pared  t o  5 i n  t h e  c a s e  o f  G -p -N A . T h i s  may 
be be ca u se  o n l y  t h e  h y d r o l y s i s  o f  G -p-NA i s  b e in g  c a t a l y s e d ,  r a t h e r  
t h a n  t h e  h y d r o l y s i s  o f  G -G -p -N A . The is o m e rs  g a m m a -g lu ta m y l-o  
- n i t r o a n i 1 id e  (G -o -N A )  and g a m m a - g lu t a m y l - m - n i t r o a n i1 id e  (G -m -NA) 
a p p e a r  t o  be w e a k e r  d o n o r s  t h a n  G -p -N A , as  was t h e  ca se  i n  t h e  
t r a n s p e p t i d a t i o n  s t u d y  ( 3 . 2 . 1 ) .  The a d d i t i o n  o f  g l y c y l g l y c i n e  t o  
t h e s e  tw o  is o m e rs  s t i m u l a t e s  t h e i r  h y d r o l y s i s  by a f a c t o r  o f  4 - 5 ,  
s i m i l a r  t o  t h a t  o f  G -p-N A  ( T a b le  3 . 2 ) .
3 . 2 . 3  I n v e s t i g a t i o n s  and C o m p a r is o n s  o f  a Good and a P o o r  D o n o r
The f o l l o w i n g  i n v e s t i g a t i o n s  w e re  c a r r i e d  o u t  w i t h  b o th  a good 
d o n o r  (G -p -N A )  and a p o o r  d o n o r  ( G in )  t o  h i g h l i g h t  any 
m e c h a n is t i c  d i f f e r e n c e s  be tw e en  t h e  e x t re m e s  o f  t h e  d o n o r  
c a p a b i l i t i e s .  A l l  o f  t h e  f o l l o w i n g  r e s u l t s  r e p r e s e n t e d  i n  F ig u r e s
3 .1  t o  3 .1 5  a r e  means o f  d u p l i c a t e s  w i t h  e r r o r s  ± 4%.
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F ig u r e  3 . 1 :  R a te  o f  U t i l i s a t i o n  o f  G in  and
Enzyme C o n c e n t r a t i o n s .
G -p-NA a t  V a r i o u s
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F ig u r e  3 . 2 :  R a te  o f  U t i l i s a t i o n  v e r s u s  [G -p -N A ]  a t  V a r io u s
[ G l y c y l g l y c i n e ]
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F ig u r e  3 . 3 :  R a te  o f  U t i l i s a t i o n  v e r s u s  [ G l y c y l g l y c i n e ]  a t  V a r i o u s  
[G -p -N A ]
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F ig u r e  3 . 4 :  R a te  o f  U t i l i s a t i o n  v e r s u s  [GCNA] a t  V a r i o u s
[ G l y c y l g l y c i  n e ]
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F ig u r e  3 . 6 :  R a te  o f  U t i l i s a t i o n  v e r s u s  [ G l y c y l g l y c i n e ]  a t  V a r io u s  
[GCNA]
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F ig u r e  3 .1  shows t h a t  t h e  l i n e a r  in c r e a s e  o f  t h e  i n i t i a l  r a t e  o f  
h y d r o l y s i s  o f  G in  (60mM) and G -p-NA (3 .5m M ) i s  p r o p o r t i o n a l  t o  t h e  
c o n c e n t r a t i o n  o f  enzym e. B o th  G -p-NA and G in ,  a good and p o o r  d o n o r
r e s p e c t i v e l y ,  can  be use d  t o  s t u d y  t h e  a c t i v i t y  o f  t h e  enzyme a t
a p p r o p r i a t e  r a t e s  o f  r e a c t i o n ,  i e :  0 .1 - 0 .2 m g  m l“  ^ o f  GGT w i t h  
G -p-NA and be tw een  1-2mg m l ' i  o f  GGT w i t h  G in .  The r a t i o  o f  t h e  
r a t e s  i s  430 :1  w i t h  r e s p e c t  t o  G -p-NA and G in .
The a c t i v i t y  o f  GGT a t  pH 8 .5  as a f u n c t i o n  o f  G -p-NA 
c o n c e n t r a t i o n  was m easu red  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  
g l y c y l g l y c i n e  ( F i g u r e  3 . 2 ) .  The a c t i v i t y  o f  GGT was a l s o  m easured  
as a f u n c t i o n  o f  g l y c y l g l y c i n e  c o n c e n t r a t i o n  a t  d i f f e r e n t
c o n c e n t r a t i o n s  o f  G -p -N A  ( F i g u r e  3 . 3 ) .  They c l e a r l y  show t h e  
e x i s t e n c e  o f  an a u t o t r a n s p e p t i d a t i o n  r e a c t i o n ,  o b s e rv e d  by t h e
in c r e a s e  in  t h e  r a t e ,  w i t h  i n c r e a s in g  c o n c e n t r a t i o n  o f  G -p-NA i n  
t h e  absence  o f  g l y c y l g l y c i n e .  S i m i l a r  m e asu rem en ts  w e re  made f o r
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v a r i o u s  c o n c e n t r a t i o n s  o f  gamma-g1u t a m y 1 - 3 - c a r b o x y - 4 - n i t r o a n 11 id e  
(GCNA) a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  g l y c y l g l y c i n e  ( F i g u r e s  3 . 4  & 
3 . 5 ) .  The a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  i s  l e s s  n o t i c e a b l e  th a n  
t h a t  w i t h  G -p-N A  ( F i g u r e  3 .2  & 3 . 3 ) .  T h is  may s u g g e s t  t h a t  GCNA i s  
n o t  su ch  a good a c c e p t o r  o f  t h e  g a m m a -g lu ta m y l m o ie t y  t h a n  G -p -N A . 
GCNA i s  more w a te r  s o l u b l e  t h a n  G -p -N A , h o w e ve r  a s l i g h t  d e c re a s e  
i n  enzyme a c t i v i t y  a t  h i g h  a c c e p t o r  and lo w  d o n o r  c o n c e n t r a t i o n s  
had p r e v i o u s l y  been o b s e rv e d  by L o n d o n ^ s s ,  They  c o n c lu d e d  t h a t ,  
even  th o u g h  GCNA has  a g r e a t e r  s o l u b i l i t y  t h a n  G -p -N A , i t s  r a t e  o f  
h y d r o l y s i s  i s  l i m i t e d ,  so  no a d v a n ta g e  can be g a in e d  f r o m  u s in g
GCNA. When G in  i s  used  as t h e  d o n o r  u n d e r  s i m i l a r  c o n d i t i o n s  as  t h e  
p r e v io u s  d o n o r  ( F i g u r e  3 .6  & 3 . 7 ) ,  a s i z e a b l e  a u t o t r a n s p e p t i d a t i o n  
r e a c t i o n  i s  o b s e rv e d  i n  t h e  a bse nce  o f  an added a c c e p t o r  i e .  
g l y c y l g l y c i n e .  T h i s  a u t o t r a n s p e p t i d a t i o n  i s  due t o  G in  i t s e l f  
b e h a v in g  as  a m o d e ra te  a c c e p to r ® ^ . a 4 (s e e  C h a p te r  4 ) ,  t h u s  
f o r m in g  g a m m a -g lu ta m y 1 -G ln  ( G - G ln ) .  A l l  o f  t h e  d a ta  shown i n  
F ig u r e s  3 . 2 - 3 . 7 ,  show t h e  same t r e n d  o f  i n c r e a s in g  r a t e  w i t h
i n c r e a s i n g  c o n c e n t r a t i o n s  o f  b o th  g l y c y l g l y c i n e  and g a m m a -g lu ta m y l 
d o n o r .  A l o c a l  maximum i s  o b t a in e d  when t h e  c o n c e n t r a t i o n  o f
g a m m a -g lu ta m y l d o n o r  i s  l i m i t e d  o r  t h e  s a t u r a t i o n  p o i n t  (Vm ax) i s  
re a c h e d  f o r  a c o n c e n t r a t i o n  o f  g l y c y l g l y c i n e .
The r a t e  o f  f o r m a t i o n  o f  p-NA f r o m  G-p-NA (3mM), i s  c a t a l y s e d  by 
a f a c t o r  o f  a b o u t  4 .5  ( F i g u r e s  3 .2  & 3 . 3 )  , c o n s i s t e n t  w i t h  s t u d i e s  
l a t e r  ( T a b le  3 .2  and C h a p te r  4 ) .  H ow eve r,  t h e  r a t e  o f  f o r m a t i o n  o f  
3 - c a r b o x y - 4 - n i t r o a n i l i n e  f r o m  GCNA i s  s t i m u l a t e d  t e n - f o l d  by t h e  
a d d i t i o n  o f  g l y c y l g l y c i n e ,  t h i s  com pares  w i t h  an 8 - f o l d  i n c r e a s e  i n  
r a t e  as  shown by i t s  pH p r o f i l e  i n  F ig u r e  4 . 1 1 .  On a d d i t i o n  o f
g l y c y l g l y c i n e  t o  G in  t h e  r a t e  i s  o n l y  s t i m u l a t e d  by a f a c t o r  o f  3 
( F ig u r e s  3 .6  & 3 . 7 ) .  These  d i f f e r e n c e s  i n  t h e  c a t a l y s i n g  e f f e c t  o f  
g l y c y l g l y c i n e  on t h e  v a r i o u s  g a m m a -g lu ta m y l d o n o rs  may be r e f l e c t e d
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by t h e  d i f f e r e n t  pH v a lu e s  o f  t h e i r  r e s p e c t i v e  r a t e  m ax im a, t h i s  
w i l l  be i n v e s t i g a t e d  f u r t h e r  i n  C h a p te r  4.
F ig u r e  3 . 6 :  R a te  o f  U t i l i s a t i o n  v e r s u s  [ G in ]
[ G l y c y l g l y c i n e ]
a t  V a r i o u s
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F ig u r e  3 . 7 :  R a te  o f  U t i l i s a t i o n  v e r s u s  [ G l y c y l g l y c i n e ]  a t  V a r i o u s  
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F ig u r e s  3 . 8 - 3 . 1 0  shows t h e  d a t a  f ro m  F ig u r e  3 , 2 - 3 . 7  t r a n s f o r m e d  
i n t o  d o u b le  r e c i p r o c a l  p l o t s ,  o f  1 / r a t e  v e r s u s  1 /g a m m a -g lu ta m y l  
d o n o r  c o n c e n t r a t i o n  a t  d i f f e r e n t  c o n c e n t r a t i o n s  o f  t h e  s e c o n d  
s u b s t r a t e ,  i e :  g l y c y l g l y c i n e .  F ig u r e s  3 . 1 1 - 3 . 1 3  show t h e  d o u b le
r e c i p r o c a l  p l o t s  o f  1 / r a t e  v e r s u s  1 / g l y c y l g l y c i n e  c o n c e n t r a t i o n  a t  
v a r i o u s  c o n c e n t r a t i o n s  o f  g a m m a -g lu ta m y l d o n o r .  I n  b o th  c a s e s  
a p p r o x im a t e ly  l i n e a r  p a r a l l e l  p l o t s  w e re  o b t a in e d  i n  t h e  lo w e r  
c o n c e n t r a t i o n  ra n g e ,  a l t h o u g h  a t  h i g h e r  c o n c e n t r a t i o n  s l i g h t  
d e v i a t i o n s  a r e  n o te d ,  p r o b a b l y  due t o  c o m p e t i t i v e  i n h i b i t i o n .
F ig u r e  3 , 8 :  L in e w e a v e r - B u r k  P l o t  o f  F ig u r e  3 .2
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F ig u r e  3 . 1 3 :  L in e w e a v e i— B u rk  P l o t  o f  F ig u r e  3 .7
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I n  f a c t  a l l  o f  t h e s e  L in e w e a v e r - B u r k  p l o t s  ( F i g u r e s  
3 . 8 - 3 . 1 3 )  p r o b a b ly  r e p r e s e n t  f a m i l i e s  o f  p a r a l l e l  s t r a i g h t  l i n e s .  
T h is  p a t t e r n  i s  c o n s i s t e n t  w i t h  a p in g - p o n g  k i n e t i c  m echan ism  o f  
enzyme a c t i o n . s S 'S *  A ls o  a p p a r e n t  i s  t h e  c h a r a c t e r i s t i c  p a t t e r n  
a r i s i n g  f ro m  c o m p e t i t i v e  s u b s t r a t e  i n h i b i t i o n  by b o th  s u b s t r a t e s  o f  
an enzyme a c t i n g  a c c o r d in g  t o  a p in g - p o n g  m echan ism . H o w eve r,  t h e  
c o m p e t i t i v e  i n h i b i t o r y  e f f e c t  o f  t h e  GCNA d e r i v a t i v e  i s  more 
p ro n o u n c e d  t h a n  t h a t  o f  G -p -N A , as  seen  by c o m p a r in g  t h e  lo w  d o n o r  
and h ig h  a c c e p to r  c o n c e n t r a t i o n  i n  F ig u r e  3 . 1 2 .  The Km and Vmax 
v a lu e s  o f  v a r i o u s  g a m m a -g lu ta m y l d o n o rs  o b t a in e d  f ro m  th e  
L in e w e a v e r - B u r k  p l o t s  ( F ig u r e s  3 . 8 - 3 . 1 3 )  a r e  shown i n  T a b le  3 . 3 ,  
t h e y  com pare  w e l l  w i t h  o t h e r  l i t e r a t u r e  v a l u e s ,  t h e  h ig h  K m  v a lu e  
o f  G in ,  s u p p o r t s  t h e  s t a te m e n t  t h a t  G in  i s  a p o o r  d o n o r  com pared  t o  
G -p-NA and GCNA.
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T a b le  3 . 3 :  The Km and Vmax v a lu e s  o f  V a r io u s  G am m a-G lu tam yl
D o n o rs
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F ig u r e  3 . 1 4 :  L in e w e a v e r - B u r k  P l o t s  o f  1 /R a te  o f  U t i l i s a t i o n  v e r s u s  
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F ig u r e  3 .1 4  shows a c o m p a r is o n  be tw een D- and L -G -p -N A  as d o n o rs  
i n  t h e  absence  and p re s e n c e  o f  g l y c y l g l y c i n e  (25mM). F o r m a t io n  o f  
p-NA f ro m  D -G -p-N A  i s  20 t im e s  s lo w e r  t h a n  f r o m  t h e  L - i s o m e r ,  t 
S i m i l a r  r e s u l t s  w e re  o b t a i n e d  when G in  was t h e  d o n o r  ( F i g u r e  3 . 1 5 ) ,  
t h e  r a t e  o f  ammonia f o r m a t i o n  f ro m  D -G ln  b e in g  a b o u t  10% o f  t h a t  
f r o m  L - G ln .  T h i s  can be e x p la i n e d  by t h e  f a c t  t h a t  D -g a m m a -g lu ta m y l 
d o n o rs  do n o t  u n d e rg o  a u t o t r a n s p e p t i d a t i o n ,  as t h e  D - is o m e rs  a r e
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n o n  a c c e p t o r s  of t h e  g a m m a - g l u t a m y l  m o l e t y S S  , 9 4  , 1 5 2  (Cha.pt© r  4 ) .
H o w eve r,  i t  a l s o  shows t h a t  t h e  g a m m a -g lu ta m y l-d o n o r  s i t e  i s  n o t  
s t e r e o s p e c i f i c .  I t  i s  n o t e w o r th y  t h a t  t h e  r a t e  w i t h  L -G -p -N A  i s  
s t i m u l a t e d  by a f a c t o r  o f  6 ,  w h e re a s  D -G -p -N A  i s  s t i m u l a t e d  by a 
f a c t o r  o f  6 . 5 ,  i n  t h e  p re s e n c e  o f  g l y c y l g l y c i n e .
F i g u r e  3 , 1 5 :  L in e w e a v e r -B u r k  P l o t  o f  1 /R a te  o f  U t i l i s a t i o n  v e r s u s  
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3 . 2 . 4  S t u d ie s  o f  t h e  E f f e c t  o f  pH on t h e  E n z y m ic  R e a c t io n s
The r a t e  o f  t h e  r e a c t i o n  i n v o l v i n g  GGT has  been shown t o  be
d e p e n d e n t  upon t h e  pH o f  t h e  r e a c t i o n  m i x t u r e ,  t h i s  has been
i n v e s t i g a t e d  i n  d e t a i l  w i t h  r e s p e c t  t o  v a r i o u s  a c c e p to r s  i n
C h a p te r  4 .  The s t u d i e s  h e re  show t h e  e f f e c t  on t h e  i n d i v i d u a l
r e a c t i o n s ,  i e :  h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  and
a u t o t r a n s p e p t i d a t i o n ,  w i t h  pH v a r i a t i o n .
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F ig u r e  3 . 1 6 :  Non E n z y m a t ic  H y d r o l y s i s  o f  G in  and G -p-N A  a t
V a r i o u s  pH V a lu e s
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The pH p r o f i l e s  o f  t h e  n o n - e n z y m a t ic  h y d r o l y s i s  o f  G -p-NA and 
G in  ( F ig u r e  3 . 1 6 ) ,  i n d i c a t e  t h a t  h y d r o l y s i s  o c c u r s  f a s t e r  a t  h i g h e r  
pH. H y d r o l y s i s  i s  u s u a l l y  m e d ia te d  by a t t a c k  o f  t h e  am ide  bond by 
H2 O o r  OH". The c o n c e n t r a t i o n  o f  t h e  l a t t e r  in c r e a s e  as t h e  pH 
in c r e a s e s  and t h u s ,  so do e s  t h e  r a t e  o f  h y d r o l y s i s .  The b a c k g ro u n d  
h y d r o l y s i s ,  i e :  n o n - e n z y m a t ic  h y d r o l y s i s ,  o f  G -p-NA can  be seen  t o  
be h i g h e r  t h a n  t h a t  o f  G in  a t  any g iv e n  pH. As a r e s u l t  o f  t h i s  t h e
r e a c t i o n  t im e  o f  e x p e r im e n ts  was k e p t  t o  a b o u t  5 -1 0  m in u te s  f o r
G -p-NA and a b o u t  an h o u r  f o r  G in  in  o r d e r  t o  m in im iz e  th e
c o n t r i b u t i o n  o f  n o n - e n z y m a t ic  h y d r o l y s i s  and t h u s  e x p e r im e n t a l  
e r r o r .
S o l u t i o n s  o f  GGT a t  pH 8 . 5  w e re  t i t r a t e d  i n  gaps o f  a b o u t  0 . 5  pH 
u n i t s ,  down t o  pH 6 . 0  and up t o  pH 1 1 .0 .  A f t e r  5 , 30 and 60
m in u t e s ,  s u b s a m p le s  w e re  r e a d j u s t e d  t o  pH 8 . 5 ,  b e f o r e  t h e  enzyme 
a c t i v i t y  was a ssaye d  w i t h  G -p-NA (3 .5m M ) i n  t h e  ab se n ce  and
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p re s e n c e  o f  g l y c y l g l y c i n e  (25mM). The enzyme a c t i v i t y  was fo u n d  t o  
be r e v e r s i b l e  w i t h i n  t h e  pH r e g io n  7 .0  t o  9 . 6 .  O u ts id e  t h e s e  pH 
l i m i t s  o f  r e v e r s i b i l i t y ,  t h e  enzyme a c t i v i t y  was g r e a t l y  r e d u c e d ,  
and i r r e v e r s i b l y  d e a c t i v a t e d  w i t h  t im e .
The pH p r o f i l e s  o f  t h e  v a r i o u s  e n z y m a t ic  r e a c t i o n s  t a k i n g  p la c e  
s im u l t a n e o u s l y ,  w e re  d e te r m in e d  by q u a n t i t a t i v e  a n a l y s i s  
( h . p . l . c . )  o f  t h e  p r o d u c t s  o f  t h e  i n d i v i d u a l  r e a c t i o n s .  G -p-NA 
(3 .5m M ) and G in  (60m M ), a good and p o o r  d o n o r  r e s p e c t i v e l y ,  w e re  
s t u d ie d  i n  t h e  a b s e n c e  and p re s e n c e  o f  an a c c e p t o r ,  i e :  
g l y c y l g l y c i n e  (25m M ). The r e s u l t s  o f  t h e s e  s t u d i e s  a r e  shown in  
F ig u r e s  3 . 1 7 - 3 . 2 0  (m eans o f  d u p l i c a t e  a n a ly s e s  w i t h  e r r o r  ±5% ), 
w he re  t h e  p e r c e n ta g e  o f  e a c h  r e a c t i o n  as p a r t  o f  t h e  t o t a l  r e a c t i o n  
r a t e  i s  p l o t t e d  a g a i n s t  v a r i o u s  pH v a lu e s .  The o v e r a l l  shape  and pH 
maxima a re  s i m i l a r  t o  t h o s e  o b s e rv e d  l a t e r ,  based on t h e  r a t e  o f  
f o r m a t i o n  o f  p-NA in  t h e  a b s e n c e  and p re s e n c e  o f  v a r i o u s  a c c e p t o r s  
(s e e  C h a p te r  4 ) .
F ig u r e  3 . 1 7 :  pH P r o f i l e s  o f  V a r io u s  R e a c t io n s  w i t h  G -p-NA P r e s e n t
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F ig u r e  3 . 1 8 :  pH P r o f i l e s  o f  V a r io u s  R e a c t io n s  w i t h  G -p-N A  and
G l y c y l g l y c i n e  P r e s e n t
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F ig u r e  3 .1 9 :  pH P r o f i l e s  o f  V a r io u s  R e a c t io n s  w i t h  G in  P r e s e n t
<n
53QO
CC
CL
100 n
80 -
60 -
40 -
20
X  TOTAL
a AUTOTRANSPEPTIDATION 
♦ HYDROLYSIS
—I 1— «— I— « I ' I ' I « I ' \ ' I ' :6.5 7.0 7,5 8.0 8.5 9.0 9.5 10.0 10.5 11.0
pH
-73'
GAMMA-GLUTAMYL DONORS
F ig u r e  3 . 2 0 :  pH P r o f i l e s  o f  V a r io u s  R e a c t io n s  w i t h  G in  and
G l y c y l g l y c i n e  P r e s e n t
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W ith  G -p-NA as t h e  d o n o r  i n  t h e  absence  o f  an a c c e p t o r  ( F ig u r e  
17 . 1 0 0 x = 1 7 u m o le s  m i n - ' m g - ' ) ,  t h e  a u t o t r a n s p e p t i d a t i o n  p r o d u c t  
gamma-g1u ta m y i-g a m m a -g 1u ta m y 1- p - n  i  t r o a n  i 1 i  de ( G -G -p -N A  ) a c c o u n ts  
f o r  a t h i r d  o f  t h e  t o t a l  r e a c t i o n  r a t e  be tw e en  pH 8 . 8  t o  pH 1 0 .0 .  
and shows a maximum r a t e  be tw e en  pH 8 .5  and pH 9 . 0 .  I n  t h e  p re s e n c e  
o f  g l y c y l g l y c i n e  ( F i g u r e  18. 100%=64pmoles m in - '  m g- ’ ) ,  t h e
a u t o t r a n s p e p t i d a t i o n  i s  a lm o s t  f u l l y  s u p p re s s e d ,  e x c e p t  a t  h i g h  pH 
(> pH 9 ) .  t h e  maximum r a t e  o f  t r a n s p e p t i d a t i o n  (65% o f  t h e  t o t a l  
r e a c t i o n  r a t e )  o c c u r s  a t  pH 8 . 4 .  w h i l e  t h a t  o f  h y d r o l y s i s  s h i f t s  
f r o m  pH 9 .0  t o  8 . 5  and i s  s t im u la t e d  3 - f o l d .  The o v e r a l l  r a t e  o f  
r e a c t i o n  was in c r e a s e d  by a f a c t o r  o f  5 i n  t h e  p re s e n c e  o f
g l y c y l g l y c i n e  a t  pH 8 . 5 .
The pH m axim a o f  t h e  a u t o t r a n s p e p t i d a t i o n  and h y d r o l y s i s
r e a c t i o n s  i n  t h e  a b s e n c e  o f  an a c c e p to r  w i t h  G in  a r e  a t  8 . 0  and 8 .8
r e s p e c t i v e l y  ( F i g u r e  19. 100%=32. 5nm o les  m in - 'm g - ’ ) .  These
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s h i f t  t o  pH 9 .3  and pH 8 . 0  i n  t h e  p re s e n c e  o f  g l y c y l g l y c i n e  ( F i g u r e  
2 0 ,  100%=134nmoles m i n - ^ m g - i ) ,  and b o th  a re  s u p p re s s e d  g r e a t l y .
The t r a n s p e p t i d a t i o n  re a c h e s  a maximum a t  pH 8 . 5 ,  a c c o u n t i n g  f o r  
60% o f  t h e  r e a c t i o n  r a t e  a t  t h a t  p o i n t .  H o w eve r,  t h e  r a t e s  o f  t h e  
h y d r o l y s i s  and a u t o t r a n s p e p t i d a t i o n  w e re  re d u c e d  s l i g h t l y  (1 0 -1 5 % ) 
i n  t h e  p re s e n c e  o f  g l y c y l g l y c i n e .  The o v e r a l l  r a t e  i s  in c r e a s e d  
3 . 5 - f o l d  ( i n  a c c o rd a n c e  w i t h  F ig u r e  3 . 6 ) ,  and t h i s  i s  s o l e l y  due t o  
t h e  t r a n s p e p t i d a t i o n  r e a c t i o n .
These r e s u l t s  show t h a t  r e g a r d l e s s  o f  t h e  g a m m a -g lu ta m y l d o n o r  t h e  
t r a n s p e p t i d a t i o n  r e a c t i o n  re a c h e s  a maximum a t  pH 8 . 4 - 8 . 5 ,  w h i l e  
t h e  h y d r o l y s i s  i s  s h i f t e d  t o  lo w e r  pH, by 0 .5  o f  a pH u n i t  by t h e  
p re s e n c e  o f  g l y c y l g l y c i n e .  The a u t o t r a n s p e p t i d a t i o n  maximum i s  
s h i f t e d  up , by j u s t  o v e r  1 pH u n i t ,  w h i l e  b e in g  g r e a t l y  s u p p re s s e d  
by t h e  p re s e n c e  o f  an a c c e p t o r .  The r e s p e c t i v e  s h i f t s  i n  t h e  
h y d r o l y s i s  and a u t o t r a n s p e p t i d a t i o n  r e a c t i o n s  may be due t o  some 
change  i n  t h e  c o n f o r m a t i o n  o f  t h e  enzyme on t h e  b i n d i n g  o f  an 
a c c e p t o r .
A c o r r e s p o n d in g  a n a l y s i s  o f  t h e  p r o d u c t s  fo rm e d  a t  pH 8 . 5  u s in g  
GCNA, i n  t h e  abse nce  o f  an a c c e p t o r  showed a s m a l l e r  p e r c e n ta g e  o f  
t h e  a u t o t r a n s p e p t i d a t i o n  p r o d u c t  (10-15%  o f  o v e r a l l  r a t e ) .  
T h i s  f i n d i n g  i s  i n  a c c o rd a n c e  w i t h  t h e  e a r l i e r  s t u d y  i n  t h i s  
c h a p t e r ,  as d e p ic t e d  by F i g u r e s  3 . 3  & 3 . 4 .  I n  t h e  p re s e n c e  o f  an 
a c c e p t o r  t h e  r e l a t i v e  r a t e s  o f  t h e  i n d i v i d u a l  r e a c t i o n s  i n v o l v i n g  
GCNA w e re  s i m i l a r  t o  t h o s e  o b s e rv e d  w i t h  G -p-NA ( F ig u r e  3 . 2 0 ) .
3 . 2 . 5  I n v e s t i g a t i o n  o f  t h e  P r o d u c t s  Formed by GGT
A d e t a i l e d  a n a l y s i s  o f  t h e  e n z y m a t ic  p r o d u c t s  o f  G -p-NA 
(3 .5m M ) i n  t h e  abse nce  o f  an a c c e p t o r  a t  pH 8 .3 5  i s  shown i n  F ig u r e  
3 .2 1  (1 0 0 % = 3 .5 p m o le s ) .  The f o r m a t i o n  o f  G -G -p -N A  o c c u r s  as  t h e
r e a c t i o n  s t a r t s  and i s  s u b s e q u e n t l y  h y d r o l y s e d  by t h e  enzyme a t  a 
s lo w e r  r a t e  t h a n  G -p-NA ( t h e  s h a l l o w e r  r a t e  o f  d is a p p e a r a n c e
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be tw e e n  5 0 -1 8 0  m in u t e s ) .  The a p p e a ra n c e  o f  p-NA does  n o t  c o n f i r m  a 
f i r s t  o r d e r  k i n e t i c s ,  t h i s  may due t o  t h e  f o r m a t i o n  o f  G -G -p -N A , 
and a l s o  i t s  c o m p e t i t i o n  w i t h  G -p-NA t o  b in d  t o  t h e  g a m m a -g lu ta m y l 
b i n d i n g  s i t e .  The p e r c e n ta g e  o f  g lu ta m a te  fo rm e d  as t h e  r e a c t i o n  
p ro c e e d s  has been c a l c u l a t e d  by d i f f e r e n c e  be tw e en  G -p-N A  and 
G -G -p -N A . The f o r m a t i o n  o f  gamma-g1u ta m y 1- g 1u ta m a te  ( G - g l u t a m a t e ) , 
(w h e re  g lu ta m a te ,  t h e  p r o d u c t  o f  h y d r o l y s i s ,  beh aves  as  an 
a c c e p t o r )  c a n n o t  be d i s m is s e d .  U n f o r t u n a t e l y  t h i s  p r o d u c t  was n o t  
s e a rc h e d  f o r  i n  t h e  r e a c t i o n  m i x t u r e ,  as i t s  p re s e n c e  w o u ld  mean 
t h a t  t h e r e  was a t h i r d  c o m p e t in g  gamma-g 1u ta m y 1 d o n o r ,  t h u s  
c o m p l i c a t i n g  t h e  k i n e t i c s  o f  t h e  r e a c t i o n  s t i l l  f u r t h e r .
F ig u r e  3 . 2 1 :  
w i t h  T im e
D e t a i l e d  S t u d ie s  o f  t h e  P r o d u c ts  Formed w i t h  G -p-NA
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100 - I
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80 -
«, 70-
G3O 60 -OCCÛ.
5? 50 -
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F i g u r e  3 . 2 2 :  D e t a i l e d  S t u d i e s  o f  t h e  P r o d u c t s  Formed w i t h  G-p-NA 
and G l y c y l g l y c i n e  w i t h  Time
110 1
100
80
A P-NITROANILINE60
♦ GLUTAMYL-P-NITROANILIDESO
a  GLUTAMYL-GLY-GLV
40
• X glutam ate
35 40 4525 3015 201050
TIME (MIN)
The above  e x p e r i m e n t  was r e p e a t e d  a t  pH 8 . 4 0  i n  t h e  p r e s e n c e  o f  
an a c c e p t o r ,  i e :  g l y c y l g l y c i n e  (25mM) ( F i g u r e  3 . 2 2 ;
1 0 0 % = 3 .5 p m o le s ) .  T h i s  r e s u l t e d  i n  no G-G-p -NA b e i n g  d e t e c t e d ,  b u t  
gamma-g1u t a m y 1- g 1y c y 1 g 1y c i ne ( G - g l y g l y )  b e i n g  fo rm e d  i n s t e a d ,  t h i s  
p r o d u c t  o f  t r a n s p e p t i d a t i o n  was s u b s e q u e n t l y  h y d r o l y s e d  t o  
g l u t a m a t e  and g l y c y l g l y c i n e .  The f i t  t o  f i r s t  o r d e r  k i n e t i c s  o f  t h e  
a p p e a r a n c e  o f  p-NA was g r e a t l y  im p ro v e d  by t h e  p r e s e n c e  o f  
g l y c y l g l y c i n e .  A l t h o u g h  some d e v i a t i o n  s t i l l  o c c u r r e d ,  p r o b a b l y  due 
t o  t h e  c o m p e t i n g  g a m m a -g lu ta m y l  d o n o r ,  G - g l y g l y .  The p o s s i b i l i t y  o f  
G - g l u t a m a t e  b e i n g  f o rm e d  i n  t h i s  c a s e ,  m u s t  be l e s s  t h a n  t h a t  i n  
t h e  a bse nce  o f  g l y c y l g l y c i n e  ( F i g u r e  3 . 2 1 ) ,  beca use  g l y c y l g l y c i n e  
i s  a f a r  b e t t e r  a c c e p t o r  t h a n  g l u t a m a t e  ( s e e  C h a p t e r  4 )  and as such  
G - g l y g l y  w o u ld  be fo rm e d  r a t h e r  t h a n  G - g l u t a m a t e .
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F i g u r e  3 . 2 3 :  D e t a i l e d  S t u d i e s  o f  t h e  P r o d u c t s  Formed w i t h  G -G -p -NA 
w i t h  T ime
110 -1
100 - ■
90 -
80 '
70*
P-NtTROANIUNEI
§ocQ.
60 -
GLUTAMYL-GLUTAMYL-P-NITROANIUDE
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40 -
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450400350300250200ISO10050
TIME (MIN)
The h y d r o l y s i s  o f  G—G—p—NA was f o l l o w e d  a t  pH 8 . 5  ( F i g u r e  
3 . 2 3 ;  100% =5 | im o les ) . The i n i t i a l  r a t e  o f  l i b e r a t i o n  o f  p-NA was
c a l c u l a t e d  f r o m  F i g u r e  3 . 2 3  t o  be a b o u t  h a l f  o f  t h a t  w i t h  G -p-NA i n  
a c c o r d a n c e  w i t h  T a b le  3 , 2 .  The a n a l y s i s  o f  t h e  p r o d u c t s  showed t h a t  
t h e  a u t o t r a n s p e p t i d a t i o n  p r o d u c t  g a m m a -g lu ta m y 1-
( g a m m a - g l u t a m y l ) z - p - n i t r o a n i 1 i d e  ( G - G -G -p -N A )  was f o r m e d  and 
s u b s e q u e n t l y  h y d r o l y s e d  b a ck  t o  G -G-p -NA and g l u t a m a t e .  The 
f o r m a t i o n  o f  G-p-NA f r o m  G—G—p —NA was s l o w e r  t h a n  t h e  h y d r o l y s i s  o f  
G -p -N A ,  t h u s  t h e  enzyme f a v o u r s  t h e  b i n d i n g  o f  G -p-NA t o  G -G -p -N A .  
T h i s  i s  a l s o  i n d i c a t e d  by d a t a  shown i n  F i g u r e  3 . 2 1 ,  w h e re  G-G-p -NA 
i s  s t i l l  p r e s e n t  a f t e r  2 h o u r s ,  w h i l e  t h e  o n l y  G-p-NA p r e s e n t  i s  
t h a t  f o rm e d  f r o m  t h e  h y d r o l y s i s  o f  G -G -p -N A  w h ic h  i s  r a p i d l y  
h y d r o l y s e d  by t h e  enzym e.  B y - p r o d u c t s  s uch  as
( gamma-g1u t a m y 1 ) n - g 1u ta m a te  (w h e r e  n = 1 , 2 o r  h i g h e r )  may be
f o r m e d ,  t h i s  i s  l i k e l y  t o  o c c u r  i n  t h e  a b s e n c e  o f  a good d o n o r  ( e g :
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g l y c y l g l y c i n e )  and when g l u t a m a t e  i s  a t  a h i g h  c o n c e n t r a t i o n  (2  
m o le s  p e r  m o le  o f  G -G -p -N A ) ,  p r o v i d e d  t h a t  i t  i s  a b e t t e r  a c c e p t o r  
t h a n  e i t h e r  G -p-NA o r  G -G -p -N A .
I n v e s t i g a t i o n s  t o  a s c e r t a i n  w h i c h  gamma-g1u t a m y 1- L - a m i n o  a c i d s /  
d i p e p t i d e s  c o u l d  a c t  as d o n o r s  w e re  u n d e r t a k e n .  R e s u l t s  o f  TLC 
a n a l y s i s  showed t h a t  a l l  o f  t h e  g a m m a -g lu ta m y 1 p r o d u c t s  f o rm e d  f r o m  
as  a p r o d u c t  o f  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n s  we re  h y d r o l y s e d  by 
GGT w i t h i n  6 h o u r s .  T h i s  shows t h a t  g a m m a - g lu t a m y l - a m in o  a c i d s  
w h i c h  a r e  f o r m e d  as a p r o d u c t  o f  t r a n s p e p t i d a t i o n  can behave  as 
g a m m a -g lu ta m y l  d o n o r s .  As s u c h ,  t h e y  w i l l  c om pe te  w i t h  t h e  o r i g i n a l  
g a m m a -g lu ta m y l  d o n o r  t o  be h y d r o l y s e d  by GGT.
3 . 2 . 6  I n v e s t i g a t i n g  t h e  G e n e r a l  P r o p e r t i e s  o f  GGT
The e f f e c t  o f  v a r y i n g  s a l t  c o n c e n t r a t i o n  on GGT a c t i v i t y  has  
been shown p r e v i o u s l y  by o t h e r  w o r k e r s  4 8 , i i 4 , i 6 i _ F i g u r e  3 . 2 4  
shows t h e  r e s u l t s  i n  t h i s  s t u d y ,  w h ic h  e x t e n d s  t h e  v a r i e t y  o f  
m o n o v a le n t  c a t i o n s  s t u d i e d .  T r i s . H C l  b u f f e r  (5mM, pH 8 . 0 )  was used 
t o  m i n i m i s e  any b u f f e r  e f f e c t  o r  pH f l u c t u a t i o n ,  t h e  as s ay  was 
c a r r i e d  o u t  w i t h  G-p-NA (3 .5mM) i n  t h e  a bs e nc e  o f  any a c c e p t o r .  The 
d a t a  r e v e a l e d  t h a t  t h e  GGT r e a c t i o n  i s  s t i m u l a t e d  p r o g r e s s i v e l y  and 
t o  t h e  same d e g r e e  by i n c r e a s i n g  c o n c e n t r a t i o n s  o f  N a C l , L i B r ,  K C l , 
NH4 C I .  A t  s a l t  c o n c e n t r a t i o n s  o f  300mM t h e  i n i t i a l  r a t e  o f  t h e  
r e a c t i o n  was d o u b le  t h a t  o f  t h e  c o n t r o l  r a t e ,  i n  a c c o r d a n c e  w i t h  
r e s u l t s  o f  o t h e r  w o r k e r s 4 8 , i i 4 , i 6 i .
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F i g u r e  3 . 2 4 :  Ra te  o f  U t i l i s a t i o n  a t  V a r i o u s  C o n c e n t r a t i o n s  o f
V a r i o u s  S a l t s
16 1
14 -
12 -
1 1 0 -
•H
350250 3002001501 000 50
LiBr
NaCl
NH4CI
KCl
[CATION] (mM)
The e f f e c t  o f  v a r y i n g  t e m p e r a t u r e  showed t h a t  t h e  op t im um  
t e m p e r a t u r e  a t  w h ic h  t h e  enzyme c a t a l y s e s  t h e  r e a c t i o n s  i s  
r e l a t i v e l y  h i g h  4 5 - 5 0 “ C. The a c t i v a t i o n  e n e r g y  o f  t h e  h y d r o l y s i s  
o f  G-p-NA (3.5mM) i n  t h e  a b s e n c e  and p r e s e n c e  o f  g l y c y l g l y c i n e  was 
d e t e r m i n e d  f r o m  t h e  g r a d i e n t s  o f  t h e  l e a s t  s q u a r e  f i t t e d  l i n e s .  The 
Eact o f  t h e  r e a c t i o n  w i t h  no a c c e p t o r ,  i e :  h y d r o l y s i s  and
a u t o t r a n s p e p t i d a t i o n  o n l y ,  was 5 3 .6  K j  mol""* . The a d d i t i o n  o f  an 
a c c e p t o r  ( g l y c y l g l y c i n e )  c a u s e d  t h e  a c t i v a t i o n  e n e r g y  t o  f a l l  t o  
4 5 . 0  K j  m o l - 1 ,  s u g g e s t i n g  t h a t  t r a n s p e p t i d a t i o n  r e q u i r e s  l e s s  
e n e r g y  t h a n  a u t o t r a n s p e p t i d a t i o n .  These v a l u e s  com pare  w e l l  w i t h  
t h o s e  o f  D e lan ghe  e t  a l . i s z  o f  a b o u t  4 0K j  mol ' "*  .
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3 . 3  PXSOUSQXOM
As d e s c r i b e d  i n  t h e  i n t r o d u c t i o n  ( s e e  S e c t i o n  3 . 1 ) ,  t h e  enzyme 
GGT c a t a l y s e s  t h e  t r a n s f e r  o f  t h e  g a m m a -g lu ta m y l  m o i e t y  f r o m  
a g a m m a -g lu ta m y l  d o n o r  t o  an a c c e p t o r ,  w a t e r  o r  a n o t h e r  m o l e c u l e  
o f  d o n o r .  T h i s  i s  m e d ia t e d  v i a  a g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e ,  t h e  f o r m a t i o n  o f  t h i s  i n t e r m e d i a t e  and s u b s e q u e n t  
r e a c t i o n s  f r o m  i t  a r e  d i s c u s s e d  h e r e .
S e v e r a l  m e thods  have  been d e v e lo p e d  f o r  t h e  d e t e r m i n a t i o n  o f  GGT 
enzyme a c t i v i t y  i n  a v a r i e t y  o f  b i o l o g i c a l  s o u r c e s .  Two 
c o l o r i m e t r i c  m e thods  e m p lo y e d  t h e  t o x i c  D , L - g l u t a m y l - a  
- a m i n o p r o p i o n i t r i l e i 6 3  and t h e  p o o r l y  s o l u b l e
D , L - g l u t a m y l a n i 1 i d e ^ 2  1 as s u b s t r a t e s ,  b u t  t h e s e  d i d  n o t  f i n d  w i d e  
a p p l i c a t i o n  i n  r o u t i n e  a n a l y s i s .  More u s e f u l  c h r o m o g e n ic  s u b s t r a t e s  
we re  L - g l u t a m y l - a -  and B - n a p h t h y l a m i d e s . i 6  4 , i 6 5  The l i b e r a t e d  
n a p h t h y l a m i n e s  w e re  d e t e c t e d  e i t h e r  by t r a n s f o r m i n g  them  i n t o  a dye  
by d i a z o t i z a t i o n  o r  c o u p l i n g  w i t h  t e t r a z o t i z e d  o - d i a n i z i d i n e ,  o r  
d i r e c t l y  by f l u o r o m e t r i c  m e a s u r e m e n t s . ^®s- i e ? The d i s a d v a n t a g e s  o f  
t h e s e  s u b s t r a t e s  a r e  t h e i r  lo w  s o l u b i l i t y ,  and t h e  f a c t  t h a t  
n a p h t h y 1 am ine s  a r e  r e g i s t e r e d  c a r c i n o g e n s .
Assay  p r o c e d u r e s  i n v o l v i n g  g l u t a t h i o n e  a r e  c o m p l i c a t e d  by i t s  
o x i d a t i o n  t o  g l u t a t h i o n e  d i s u l f i d e ,  a l t h o u g h  t h i s  can be o v e rc o m e  
by t h e  a d d i t i o n  o f  d i t h i o t h r e i t o ! . The r e a c t i o n  may be f o l l o w e d  by 
d e t e r m i n i n g  t h e  r a t e  o f  d i s a p p e a r a n c e  o f  g l u t a t h i o n e  o r  by t h e  r a t e  
o f  f o r m a t i o n  o f  i t s  h y d r o l y t i c  o r  t r a n s p e p t i d a t i o n  p r o d u c t s .  Thus  
g l u t a m a t e  can  be c o n v e n i e n t l y  a s s a y e d  u s i n g  g l u t a m a t e  
dehydrogenase"*  ®® and t r a n s p e p t i d a t i o n  r a t e  can  be d e t e r m i n e d  by 
t h e  use o f  a r a d i o l a b e l l e d  am ino  a c i d  a c c e p t o r .  The 
g a m m a - g lu t a m y l - a m i  no a c i d  can  be s e p a r a t e d  by v a r i o u s  
c h r o m a t o g r a p h i c  and e l e c t r o p h o r e t i c  t e c h n i q u e s . * i s  More  
c o n v e n i e n t  s p e c t r o p h o t o m e t r i c  a s s a y s  i n v o l v i n g  t h e  use  o f
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S - s u b s t i t u t e d  g l u t a t h i o n e  d e r i v a t i v e s  have been d e v e lo p e d .  Such 
d e r i v a t i v e s  i n c l u d e  S - p y r u v o y 1g l u t a t h i o n e  and S - a c e t o p h e n o n e -  
g l u t a t h i o n e . 9 3  The c o r r e s p o n d i n g  c y s t e i  n y l g l y c i  ne d e r i v a t i v e s  
p r o d u c e d  by t h e  a c t i o n  o f  t r a n s p e p t i d a s e  c y c l i s e s  s p o n t a n e o u s l y  t o  
y i e l d  p r o d u c t s  t h a t  e x h i b i t  h i g h  U V /V is  a b s o rb a n c e  a t  300 t o  306nm.
The s u b s t r a t e  m os t  w i d e l y  used  i n  b i o c h e m i c a l  and c l i n i c a l  
s t u d i e s  i s  G -p -N A .® * » i®® As a d o n o r ,  i t  i s  h y d r o l y s e d  by GGT, 
l i b e r a t i n g  f r e e  p-NA whose a b s o rb a n c e  a t  410nm can be r e a d i l y  
m o n i t o r e d ,  G-p -NA i s  now used  t o  d e f i n e  t h e  a c t i v i t y  o f  GGT by 
means o f  a s t a n d a r d  a s s a y :  One u n i t  i s  d e f i n e d  as  t h e  l i b e r a t i o n  o f  
I p m o le  o f  p - n i t r o a n i 1 i ne f r o m  L - g a m m a - g lu t a m y 1 - p -  n i t r o a n i l i d e  p e r  
m i n u t e  a t  pH 8 . 5  a t  2 5 * 0 .® *
I n  t h e  l a s t  fe w  y e a r s  g a m m a - g l u t a m y l - 3 - c a r b o x y - 4 - n i t r o a n i 1 i de* 
and g a m m a - g l u t a m y l - 3 - s u l f o - 4 - n i t r o a n i 1i d e *  have  been s y n t h e s i s e d  
and used  as s u b s t r a t e s  f o r  GGT, These have t h e  a d v a n ta g e  o f  b e i n g  
more  s o l u b l e  t h a n  G -p -N A ,  b u t  G-p-NA i s  s t i l l  t h e  m o s t  p o p u l a r  
d o n o r  f o r  a s s a y i n g  GGT a c t i v i t y .
T a b l e  3 . 4  shows t h e  v a r i e t y  o f  g a m m a -g lu ta m y l  d o n o r s  t h a t  have  
been s y n t h e s i s e d  and used  t o  d e t e r m i n e  t h e  a c t i v i t y  o f  GGT f r o m  
v a r i o u s  b i o l o g i c a l  s o u r c e s  s i n c e  GGT a c t i v t y  was f i r s t  
d i  s c o v e r e d . 2 a
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T a b l e  3 . 4 :  Gamma-Glu tamy l D o n o rs  Used t o  A s s a y  f o r  GGT
GAMMA-GLUTAMYL-R 
WHERE R=
NHz
(165)
NH
(167)
(91)
NOg
NH,
(171)
‘SO3H
(180)
o
NH2—CH—CN
R'
(164)
GLUTATHIONE S-DERIVATIVES (93)
OTHER SUBSTITUTED ANAILEDES (97,172)
Values in parenthese references
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T a b l e  3 . 4 :  Gamma-Glu tamy l D o n o rs  Used t o  A ssa y  f o r  GGT
GAMMA-GLUTAMYL-R  
WHERE R=
NHz
(165)
NH
(167)
(91)
NOg
N H (171)
(180)
o  O
NHg—"CH—CN
R*
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3 . 3 . 1  S p e c i f i c i t y  o f  t h e  Gamma-G lu tamy l M o i e t v
The common f e a t u r e  o f  a l l  t h e  p r o v e n  d o n o r s  as  shown i n  T a b l e
3 . 4 ,  i s  t h e  g a m m a -g lu ta m y l  m o i e t y  t o  w h ic h  t h e  am ines  a r e  c o u p l e d .  
The s p e c i f i c i t y  o f  t h e  g a m m a -g lu ta m y l  m o i e t y  o f  t h e  d o n o r ,  has  n o t  
been i n v e s t i g a t e d  t o  any  g r e a t  e x t e n t .
The o n l y  p r e v i o u s  s t u d i e s  c o n c e n t r a t i n g  on t h e  g a m m a -g lu ta m y l  
m o i e t y ,  have  been w i t h  r e s p e c t  t o  i t s  s t e r e o c h e m i s t r y . The 
g a m m a -g lu ta m y l  d o n o r  s i t e  has  been shown t o  e x h i b i t  b r o a d  
s t e r e o s p e c i f i c i t y . Thus D - ,  L -  and a - m e t h y l  s u b s t i t u t e d  G -p -NA 
and G in  a r e  a l l  d o n o r s  o f  t h e  e n z y m e . 9 4 , i s 2  These  f i n d i n g s  w e re  
c o n f i r m e d  i n  t h i s  w o rk  as  shown by T a b le s  3 .1  & 3 . 2  and F i g u r e  
3 . 1 4 .  The Vmax v a l u e s  f o r  t h e  h y d r o l y s i s  o f  L -  and D-  i s o m e r s  o f  
G-p-NA have  been shown t o  be t h e  s a m e , ^so i e : 1 1 . epm o les  
m i n - i m g - i  and c o m p a r a b le  w i t h  t h a t  f o r  L -G -p -N A  o b t a i n e d  i n  t h e  
p r e s e n t  w o r k ,  i e :  1 2 . 7 p m o le s  min~'*mg~‘' ( T a b l e  3 . 3 ) .  T h i s
s i m i l a r i t y  be tw een  L -  and D-  i s o m e r s  s u g g e s t s  t h a t  t h e  b i n d i n g  o f  
t h e  g a m m a -g lu ta m y l  g r o u p  and s u b s e q u e n t  h y d r o l y s i s  i s  u n a f f e c t e d  by  
i t s  s t e r e o c h e m i s t r y . W i t h  t h e  a i d  o f  c o m p u t e r  m o d e l l i n g  i n  t h i s  
s t u d y ,  L -  and D-  G-p-NA w e re  s u p e r im p o s e d  as c l o s e l y  as p o s s i b l e  i n  
e n e r g y  m i n i m i s e d  c o n f o r m a t i o n s  ( F i g u r e  3 . 2 5 ) .  T h i s  shows t h a t  t h e r e  
a r e  o n l y  s m a l l  d i f f e r e n c e  i n  t h e  s p a t i a l  o r i e n t a t i o n s  o f  t h e  
f u n c t i o n a l  g r o u p s ,  w h i c h  may i n t e r a c t  w i t h  s p e c i f i c  b i n d i n g  s i t e s  
i n  t h e  a c t i v e  s i t e  o f  t h e  enzyme.
The r e l a t i v e  o v e r a l l  r a t e s  o f  r e a c t i o n  o f  L -  , D- and a - m e t h y l  
s u b s t i t u t e d  G-p-NA o r  G in  a r e  v e r y  d i f f e r e n t  ( T a b l e  3 . 1  & 3 . 2 ) .  The 
D-  and a - m e t h y l  s u b s t i t u t e d  g a m m a -g lu ta m y l  d o n o r s  have g r e a t l y  
r e d u c e d  r a t e s  com pared  w i t h  L - i s o m e r s .  T h i s  can be e x p l a i n e d  
by t h e  f o r m e r  b e i n g  u n a b l e  t o  u n d e r g o  a u t o t r a n s p e p t i d a t i o n ,  b e c a u s e  
o n l y  L - i s o m e r s  a r e  a c c e p t o r s  o f  t h e  g a m m a -g lu ta m y l  m o i e t y .  A l l  D- 
and a - m e t h y l  s u b s t i t u t e d  a m in o  a c i d  and d e r i v a t i v e s  a r e  non
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a c c e p t o r s  ( C h a p t e r  4 )  and as such  do n o t  u n d e r g o  t r a n s p e p t i d a t i o n ,  
o r  i n  t h e  c ase  o f  g a m m a -g lu ta m y l  d o n o r s  b e h a v in g  as a c c e p t o r s ,  
a u t o t r a n s p e p t i d a t i o n . T h i s  c o n f i r m s  t h e  f i n d i n g s  o f  T a t e  & 
M e i s t e r , 9 3  who a l s o  showed t h a t  a - m e t h y l  g l u t a m i n e  was a d o n o r ,  
w h e re a s  h o m o g lu t a m in e  was n o t .
F i g u r e  3 . 2 5 :  C o m pu te r  M o d e l l i n g  F i t  o f  E n e rg y  M i n i m i s e d
C o n f o r m a t i o n s  o f  D- and L -G -p -N A
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I t  i s  g e n e r a l l y  a c c e p t e d  and c o n f i r m e d  i n  t h i s  w o rk  ( T a b l e  3 .1  
& 3 . 2 ) ,  t h a t  G-p-NA i s  one  o f  t h e  s t r o n g e s t  d o n o r s  o f  t h e
g a m m a -g lu ta m y l  m o i e t y  t o  t h e  enzyme GGT ( i e :  G -p -NA has  one o f  t h e  
h i g h e s t  t u r n  o v e r  r a t e s ) .  The use  o f  a n a lo g u e s  based  on G-p-NA 
s h o u l d  m a x im is e  t h e i r  u t i 1 i s a t i o n , i e :  h y d r o l s i s  by GGT. S t r u t u r a l  
v a r i a t i o n s  o f  G-p-NA ( T a b l e  3 . 2 ) ,  gave  an i n s i g h t  i n t o  t h e  
s t r u c t u r a l  r e q u i r e m e n t s  o f  t h e  g a m m a -g lu ta m y l  m o i e t y .
The g a m m a -g lu ta m y l  m o i e t y  o f  t h e  d o n o r  r e q u i r e s  b o t h  an a - a m in o  
and an a - c a r b o x y l  g r o u p  ( s e e  T a b l e  3 . 2 ) .  I n  a d d i t i o n  t h e  l e n g t h  o f  
t h e  s i d e  c h a i n  o f  t h e  d o n o r  i s  i m p o r t a n t  f o r  s p e c i f i c i t y .  T h i s  was 
h i g h l i g h t e d  by t h e  s p e c i f i c i t y  o f  t h e  g a m m a -g lu ta m y l  m o i e t y  b e i n g  
a t  l e a s t  10^ more r e a c t i v e  t h a n  ( 3 - a s p a r t y l  m o i e t y  ( T a b l e  3 . 2 ) .  
These f i n d i n g s  a r e  c o n f i r m e d  by  o t h e r  w o r k e r s  who have  shown t h e  
non h y d r o l y s i s  o f  ( 3 - a s p a r t y l  p e p t i d e s , s s  a s p a r a g i n e ,   ^ ^ 2 , i 58 
3 - a m in o  g l u t a r y l - p - n i t r o a n i 1 i d e ^ ^ 2 and i s o g l u t a t h i o n e . s s
3 . 3 . 2  S p e c i f i c i t y  o f  t h e  D o n o r  M o i e t v  o f  G amma-G lu tamv l  D o n o rs
T a b l e  3 . 4  shows t h e  g r e a t  number  o f  g a m m a -g lu ta m y 1 d o n o r s  w h ic h  
have been u t i l i s e d  o v e r  t h e  y e a r s  t o  a s s a y  f o r  GGT a c t i v i t y .  I t  can 
be seen  t h a t  t h e  o n l y  r e q u i r e m e n t  i s  t h a t  t h e  d o n o r  m o i e t y  has  t o  
be a p r i m a r y  a m ine .
T h i s  f i n d i n g  i s  h i g h l i g h t e d  by t h e  i n v e s t i g a t i o n s  c a r r i e d  o u t  i n  
S e c t i o n  3 . 2 . 1  ( T a b l e  3 . 1 )  w h e re  t h e  s e c o n d a r y  a m id e s  o f  M - m e t h y l -  
p - n i t r o a n i 1i ne and d i m e t h y l a m i n e  we re  n o t h y d r o l y s e d  by GGT. The 
s p e c i f i c i t y  o f  t h e  d o n o r  can  be b ro a d e n  t o  i n c l u d e  g a m m a -g lu ta m y l  
e s t e r s  as  shown i n  t h i s  w o rk  by t h e  h y d r o l y s i s  o f  t h e  b e n z y l  e s t e r ,  
and o t h e r  w o r k e r s  have shown t h e  h y d r o l y s i s  o f  o t h e r  g a m m a -g lu ta m y l  
e s t e r s .  O r l o w s k i i s 2 showd t h a t  g a m m a - g lu t a m y l - m e t h y l  e s t e r  t o  be 
a weak d o n o r ,  a l t h o u g h  85% o f  t h e  o v e r a l l  r e a c t i o n  f a v o u r e d  
t r a n s p e p t i d a t i o n  as opposed  t o  h y d r o l y s i s .
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Cook e t  a l . 158 s u g g e s t e d  t h a t  t h e  r a p i d l y  h y d r o l y s e d  ( g o o d )  
d o n o r s  c o n t a i n  h i g h l y  e l e c t r o n  w i t h d r a w i n g  g r o u p s ,  w h i l e  t h e  weak 
( p o o r )  d o n o r s  c o n t a i n  e l e c t r o n  d o n a t i n g  g r o u p s .  I t  i s  w e l l  known 
t h a t  t h e  e l e c t r o n - d o n a t i n g  o r  w i t h d r a w i n g  c a p a c i t y  o f  an am ine  i s  
r e f l e c t e d  i n  t h e  pK o f  i t s  am ino  g r o u p .  T h i s  can  now be a p p l i e d  t o  
t h e  d o n o r s ,  p-NA w i t h  a pK o f  1 , 1 ^ 2  i  s h i g h l y  e l e c t r o n  
w i t h d r a w i n g ,  and t h u s  G -p -NA ( a  good d o n o r )  i s  r a p i d l y  h y d r o l y s e d .  
W h i l e  ammonia has  a pK o f  1 0 , 1 4 2  and as s u c h  G in  ( a  p o o r  d o n o r )  
i s  h y d r o l y s e d  s l o w l y .  The o t h e r  g a m m a -g lu ta m y l  a m id e s  s t u d i e d  
( T a b l e  3 . 1 )  l i e  b e tw e en  t h e s e  tw o  d o n o r s ,  w i t h  r e s p e c t  t o  t h e  
r e l a t i v e  a c t i v i t y  o f  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  and pKa o f  t h e  
am ino  g r o u p  o f  t h e  f r e e  a m in e .
H o w eve r ,  t h e r e  i s  an a n o m a ly  i n  t h a t  p -NA,  p ~ a m in o b e n z o i c  a c i d  
and p - c y a n o a n i 1 i n e ,  w h i c h  a l l  have  s i m i l a r  e l e c t r o n  w i t h d r a w i n g
c a p a c i t i e s ,  a r e  n o t  h y d r o l y s e d  a t  s i m i l a r  r a t e s .  The f i r s t  tw o  a r e  
h y d r o l y s e d  f a s t e r  t h a n  t h e  l a t t e r .  C o m pu te r  m o d e l l i n g  i n  t h e  
p r e s e n t  i n v e s t i g a t i o n  has  shown t h a t  an e n e r g y - m i n i m i z e d  
c o n f o r m a t i o n  o f  G -p-NA can  be s u p e r im p o s e d  on a m i n i m i z e d  X - r a y  
s t r u c t u r e  o f  g l u t a t h i o n e . 1 8 2  F i g u r e  3 . 2 6  shows t h a t  t h e  g l y c i n e  
r e s i d u e  c a r b o x y  g r o u p  o f  g l u t a t h i o n e  c o i n c i d e s  w i t h  t h e  p - n i t r o  
g r o u p  o f  G -p -NA .  Hence ,  t h e  p - c a r b o x y l i c  a c i d  d e r i v a t i v e  w o u ld  be 
v e r y  s i m i l a r  t o  t h a t  o f  t h e  p - n i t r o  d e r i v a t i v e .  H o w e v e r ,  t h e  
p - c y a n o  a n i l i d e  does  n o t  have  t h e  same s t e r e o e l e c t r o n i c  
c h a r a c t e r i s t i c s  as  t h e  n i t r o  o r  a c i d  f u n c t i o n a l  g r o u p s ,  i e :  a tw o
p r o n g e d  n e g a t i v e l y  c h a r g e d  g r o u p .  Such a f u n c t i o n a l  g r o u p  may
i n t e r a c t  w i t h  a s p e c i f i c  s i t e  i n  t h e  enzyme,  c a u s i n g  a
c o n f o r m a t i o n a l  change  a n d /  o r  s t i m u l a t i n g  t h e  h y d r o l y s i s  o f  t h e  
gamma-amide bond.
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F i g u r e  3 . 2 6 :  C o m pu te r  M o d e l l i n g  F i t  o f  E n e rg y  M i n i m i s e d
C o n f o r m a t i o n s  o f  G -p-NA w i t h  an X - r a y  S t r u c t u r e  o f  G l u t a t h i o n e
The h y p o t h e s i s  o f  t h e  g l y c i n e  b i n d i n g  s i t e  g a i n s  s u p p o r t  f r o m  
t h e  f a c t  t h a t  c o n v e r s i o n  o f  t h e  p - c a r b o x y l  g r o u p  t o  i t s  e t h y l  e s t e r  
f o r m  d e c r e a s e s  t h e  r a t e  o f  h y d r o l y s i s  by GGT s i g n i f i c a n t l y  ( T a b l e  
3 . 1 ) .  A l t h o u g h  i t s  e l e c t r o n  w i t h d r a w i n g  c a p a c i t y  has  been r e d u c e d ,  
i t  may a l s o  be u n a b le  t o  i n t e r a c t  w i t h  t h e  s p e c i f i c  g l y c i n e  b i n d i n g  
s i t e  and t h u s ,  i t  i s  u n a b l e  t o  s t i m u l a t e  t h e  h y d r o l y s i s  o f  t h e  
am ide  bond .  The o t h e r  s u b s t i t u t e d  g a m m a - g lu t a m y l - n i t r o a n i 1 i d e s ,  
n a m e ly  o r t h o -  and m e ta -  have  l o w e r  a f f i n i t i e s  f o r  t h e  enzyme 
t h a n  t h e  p a r a -  d e r i v a t i v e  ( T a b l e  3 . 1 ) .  T h i s  l o w e r  a f f i n i t y  may
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r e f l e c t  t h a t  t h e  n i t r o  g r o u p s  a r e  u n a b le  t o  i n t e r a c t  w i t h  t h e  
s p e c i f i c  s i t e  on t h e  enzyme a n d / o r  because  t h e i r  e l e c t r o n i c  e f f e c t s  
a r e  d i f f e r e n t  f r o m  t h o s e  o f  G-p -NA .  F u r t h e r  e v i d e n c e  f o r  t h e  
e x i s t e n c e  o f  t h i s  s p e c i f i c  b i n d i n g  s i t e  w i l l  come l a t e r  i n  C h a p t e r s  
4 & 5 .
3 . 3 . 3  C o m p a r i s o n s  o f  G -p-NA amd G in
As a r e s u l t  o f  t h e  i n v e s t i g a t i o n s  o f  v a r i o u s  g a m m a -g lu ta m y l  
d o no rs  ( S e c t i o n  3 . 2 . 1 ) ,  a good and p o o r  d o n o r  G -p-NA and G in  
r e s p e c t i v e l y ,  we re  s t u d i e d  i n  g r e a t e r  d e t a i l  t o  a s c e r t a i n  i f  
t h e i r  r e l a t i v e  r e a c t i o n s  changed  t o  any  e x t e n t  u n d e r  v a r i o u s  
c o n d i t i o n s .
K i n e t i c  s t u d i e s  by v a r i o u s  w o r k e r s 9 * ' i 5 9 , i 6  9 , i 7 o  i n d i c a t e  a 
p i n g - p o n g  r e a c t i o n  mechan ism i n v o l v i n g  tw o  h a l f  r e a c t i o n s ,  t h e  
f i r s t  o f  w h i c h  l e a d s  t o  t h e  f o r m a t i o n  o f  a c o v a l e n t l y  bound 
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  T h i s  i n t e r m e d i a t e  may t h e n  
u n d e r g o  one o f  t h r e e  r e a c t i o n s ,  h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  o r  
a u t o t r a n s p e p t i d a t i o n  ( S e c t i o n  3 . 1 ) .  The i n v e s t i g a t i o n s  c a r r i e d  o u t  
i n  S e c t i o n  3 . 2 . 2 ,  i e :  t h e  L i n e w e a v e r - B u r k  p l o t s  o f  a l l  t h r e e
ga m m a -g lu ta m y l  d o n o r s ,  (G -p -N A ,  GCNA and G in )  show t h a t  t h e y  a c t  as 
c o m p e t i n g  i n h i b i t o r y  s u b s t r a t e s  o f  t h e  enzyme,  i n  k e e p in g  w i t h  a 
p i n g - p o n g  k i n e t i c  m echan ism .
The r e l a t i v e  l i n e a r  c o r r e l a t i o n s  o b s e r v e d  a t  lo w  G in  
c o n c e n t r a t i o n s  (<12.5mM) ( F i g u r e  3 . 7 ) ,  may s u g g e s t  t h a t  t h e  G in  i s  
n o t  b i n d i n g  t o  t h e  g a m m a -g lu ta m y l  d o n o r  s i t e  f a s t  e n o u g h ,  and 
i s  s u b s e q u e n t l y  b e i n g  h y d r o l y s e d  i n  i n s u f f i c i e n t  am oun ts  t o  be 
s t i m u l a t e d  by t h e  a d d i t i o n  o f  t h e  a c c e p t o r ,  g l y c y l g l y c i n e .  T h u s ,  
t h e  f o r m a t i o n  o f  t h e  g a m m a -g lu ta m y l -e n z y m e  a p p e a r s  t o  be t h e  r a t e  
d e t e r m i n i n g  s t e p  a t  low G in  c o n c e n t r a t i o n s .
The r a t e  a t  w h i c h  t h e  enzyme c a t a l y s e s  t h e  h y d r o l y s i s  o f  
g l u t a m i n e ,  was f o u n d  t o  be s i g n i f i c a n t l y  l o w e r  t h a n  t h a t  o f  G -p -NA
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o r  g l u t a t h i o n e  (< 0 .5 % ,  T a b le  3 .1  and F i g u r e  3 . 1 ) .  O t h e r  
w o r k e r s 9 3 ' i 5 8  f o u n d  t h a t  t h e  Vmax o f  g l u t a t h i o n e  was 4 t i m e s  t h a t  
o f  g l u t a m i n e ,  w h i l e  K a rk o w s k y  e t  a l . i s s  f o u n d  t h a t  g l u t a m i n e
h y d r o l y s i s  was a b o u t  0 .1% t h a t  o f  g l u t a t h i o n e .  These  d i f f e r e n c e s  
may be due t o  t h e  d i f f e r e n t  GGT s o u r c e s  e m p lo y e d .  A l t h o u g h  
g l u t a m i n e  h y d r o l y s i s  i s  s i g n i f i c a n t l y  s l o w e r  t h a n  g l u t a t h i o n e
h y d r o l y s i s ,  one  m u s t  remember t h a t  t h e  p la s m a  c o n c e n t r a t i o n  o f  G in  
i s  1 0 0 - f o l d  g r e a t e r  t h a n  t h a t  o f  g l u t a t h i o n e ,  and s o  i n  
p h y s i o l o g i c a l  c i r c u m s t a n c e s  t h e  am oun ts  t h a t  a r e  h y d r o l y s e d  d i f f e r  
o n l y  by a f a c t o r  o f  t w o ,  a c c o r d i n g  t o  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  
s t u d y  and t h o s e  o f  D a s s i * * ,
The pH r e v e r s i b i l i t y  o f  t h e  enzyme be tw e en  pH 7 and pH 10 i n
t h i s  w o r k ,  shows t h a t  t h e  enzyme a c t i v i t i e s  w i t h i n  t h i s  pH ra n g e  
can be compared  d i r e c t l y  w i t h  each  o t h e r .  The i r r e v e r s i b i l i t y  
beyond t h i s  pH r a n g e ,  may be due t o  m i l d  d é n a t u r a t i o n  o f  t h e  
p r o t e i n ’ s s e c o n d a r y  o r  t e r t i a r y  s t r u c t u r e ,  o r  i t  may be
i r r e v e r s i b l e  p r o t o n a t i o n  o r  d e p r o t o n a t i o n  o f  r e s i d u e s  i m p o r t a n t  t o  
t h e  enzymes a c t i v i t y .
The pH s t u d i e s  o f  t h e  r e a c t i o n s  t h a t  t a k e  p l a c e  w i t h  G -p -NA and 
G in  i n  t h e  a b s e n c e  and p r e s e n c e  o f  a c c e p t o r  can be d i r e c t l y
c o r r e l a t e d  t o  t h e  o v e r a l l  r e a c t i o n  r a t e .  I n  t h e  a b s e n c e  o f  an
a c c e p t o r ,  h y d r o l y s i s  and a u t o t r a n s p e p t i d a t i o n  c l e a r l y  t a k e  p l a c e .  
On t h e  a d d i t i o n  o f  a good a c c e p t o r  a t  s u f f i c i e n t l y  h i g h  
c o n c e n t r a t i o n  t h e  o n l y  r e a c t i o n s  w h ic h  t a k e  p l a c e  a r e  h y d r o l y s i s  
and t r a n s p e p t i d a t i o n . H o w e v e r ,  as  t h e  c o n c e n t r a t i o n  o f  t h e  a c c e p t o r  
d e c r e a s e s ,  o r  a p o o r e r  a c c e p t o r  i s  a d d e d ,  t h e  s i t u a t i o n  i s
c o m p l i c a t e d  by t h e  f a c t  t h a t  a l l  t h r e e  r e a c t i o n s  o c c u r  
c o n c u r r e n t l y  : h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  and
a u t o t r a n s p e p t i d a t i o n .
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The r a t e s  o f  t h e s e  c o n c u r r e n t  r e a c t i o n s  a r e  a l s o  a f f e c t e d  by t h e  
pH o f  t h e  r e a c t i o n ,  each  r e a c t i o n  r e a c h i n g  a maximum a t  a d i f f e r e n t  
pH. T r a n s p e p t i d a t i o n  i n v o l v i n g  g l y c y l g l y c i n e  has  a maximum r a t e  a t  
a b o u t  pH 8 . 5  f o r  b o t h  d o n o r s  s t u d i e d .  I t  i s  l i k e l y  t h a t  t h e  
p o s i t i o n  o f  t h e  maximum r a t e  i s  i n f l u e n c e d  by t h e  pK o f  t h e  a - a m in o  
g r o u p  o f  g l y c y l g l y c i n e ,  t h i s  w i l l  be d i s c u s s e d  f u r t h e r  i n  C h a p t e r  
4 .  The h y d r o l y s i s  and a u t o t r a n s p e p t i d a t i o n  r e a c t i o n s  r e a c h  
d i f f e r e n t  max ima d e p e n d in g  upon t h e  d o n o r s .  The
a u t o t r a n s p e p t i d a t i o n  pH maxima may be d e p e n d e n t  upon t h e  pK o f  t h e  
a - a m in o  g r o u p  o f  t h e  d o n o r  w h i c h  behaves  as  an a c c e p t o r ,  as w i t h  
t h e  t r a n s p e p t i d a t i o n  r e a c t i o n .
U s in g  p u r i f i e d  GGT f r o m  E . C o l i ,  Suzuki®® showed t h e  o p t im u m  pH 
v a l u e s  f o r  t r a n s p e p t i d a t i o n  and h y d r o l y s i s  w e re  pH 8 . 7 5  and 9 . 2 5  
r e s p e c t i v e l y  w i t h  G -p-NA and g l y c y l g l y c i n e .  The r a t i o  o f  t h e  r a t e s  
o f  t h e  tw o  r e a c t i o n s  a t  pH 8 . 5  was 1 . 1 3 : 1  w i t h  r e s p e c t  t o  
t r a n s p e p t i d a t i o n  and h y d r o l y s i s .  A n o t h e r  s t u d y  u s i n g  u r i n a r y  GGT 
showed an op t im u m  pH o f  8 . 6  f o r  t r a n s p e p t i d a t i o n  and pH 9 . 4  f o r  
a u t o t r a n s p e p t i d a t i o n ,  u s i n g  G-p-NA and g l y c y l g l y c i n e .  B o th  o f  t h e s e  
s t u d i e s  r e s e m b le  t h e  d a t a  o b t a i n e d  i n  t h i s  s t u d y  ( F i g u r e s  17 and 
1 8 ) .
V a r i o u s  o t h e r  w o r k e r s ’* ® °  ^  ^ ® f o u n d  t h a t  a t  pH 8 - 9  t h e  m a in
r e a c t i o n  c a t a l y s e d  by GGT i s  t h e  t r a n s f e r  o f  t h e  g a m m a -g lu ta m y l  
m o i e t y  o f  g l u t a t h i o n e  t o  an a p p r o p r i a t e  a c c e p t o r .  L o w e r in g  t h e  pH 
t o w a r d  more p h y s i o l o g i c a l  v a l u e s ,  d e c r e a s e d  t h e  r a t e  o f  t h i s  
r e a c t i o n  and i n c r e a s e d  t h e  r e l a t i v e  s i g n i f i c a n c e  o f  t h e  h y d r o l y t i c  
r e a c t i o n .  G lu t a m a t e  was shown t o  be t h e  p r e d o m i n a n t  p r o d u c t  o f  
i n c u b a t i n g  g a m m a - g l u t a m y l - a n i 1i de a t  low  pH w i t h  GGT i s o l a t e d  f r o m  
k i d n e y  b e a n s . S i m i l a r  r e s u l t s  w e re  o b t a i n e d  when g l u t a t h i o n e  
was i n c u b a t e d  w i t h  k i d n e y  hom ogena tes  b e lo w  pH 7.®? These 
o b s e r v a t i o n s  t o g e t h e r  w i t h  s e v e r a l  o t h e r s , 2 8 , 7 9  have l e d  some
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i n v e s t i g a t o r s  t o  p o s t u l a t e  t h a t  t h e  m a in  f u n c t i o n  o f  t h e  enzyme i s  
t h e  h y d r o l y s i s  o f  g l u t a t h i o n e ,  as  was d i s c u s s e d  i n  S e c t i o n  1 . 8 .
U s in g  ^ ^ C - G ln  as a d o n o r ,  Dass^®? showed t h a t  a t  pH 7 . 4  a t  
l e a s t  50% o f  t h e  r e a c t i o n  r a t e  was due t o  a u t o t r a n s p e p t i d a t i o n .  The 
a d d i t i o n  o f  g l y c y l g l y c i n e  as  an a c c e p t o r  d o u b le d  t h e  u t i l i s a t i o n  o f  
G in ,  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  b e i n g  r e s p o n s i b l e  f o r  60% o f  t h e  
t o t a l  r e a c t i o n  r a t e .  The h y d r o l y s i s  r e a c t i o n  was s u p p r e s s e d  by 50% 
w h i l e  t h e  a u t o t r a n s p e p t i d a t i o n  was s u p p r e s s e d  by 12%. The s m a l l  
d i s c r e p a n c i e s  be tw een  t h i s  w o rk  and t h e  p a r a l l e l  s t u d y  h e r e  
( F i g u r e s  3 .1 9  & 3 . 2 0 )  a r e  p r o b a b l y  due t o  d i f f e r e n t  c o n c e n t r a t i o n s  
o f  G in  and a c c e p t o r  as w e l l  a s  t h e  d i f f e r e n t  s o u r c e s  o f  t h e  enzyme.  
These  r e s u l t s  o f  Da ss i® *  and t h o s e  i n  t h i s  s t u d y  a r e  s u p p o r t e d  by 
t h o s e  o f  T a t e  & M e is te r® ®  who showed t h a t  t h e  r a t e  o f  t h e  
h y d r o l y s i s  r e a c t i o n  o f  D- and L - G l n  d i d  n o t  v a r y  g r e a t l y  on t h e  
a d d i t i o n  o f  an a c c e p t o r .
These f i n d i n g s  by D a s s ,? ® * ' ^ ® ?  Thompson & M e i s t e r * ® ^  and i n  
t h i s  s t u d y  i n d i c a t e  t h a t  when G in  i s  t h e  d o n o r ,  a d d i t i o n  o f  an 
a c c e p t o r  o n l y  a c c e l e r a t e s  t h e  o v e r a l l  r a t e  by a f a c t o r  o f  tw o  o r  
t h r e e .  The a d d i t i o n  o f  an a c c e p t o r  t o  G -p-NA how eve r  i n c r e a s e s  t h e  
o v e r a l l  r e a c t i o n  r a t e s  by f i v e - f o l d  ( T a b l e  3 . 2 ) .  These o b s e r v a t i o n s  
may be e x p l a i n e d  by t h e  d i f f e r e n c e  i n  t h e  r e l a t i v e  r a t e s  o f  t h e  
i n d i v i d u a l  r e a c t i o n s  w i t h  r e s p e c t  t o  t h e i r  pH maxima,  and t h e  m a j o r  
d i f f e r e n c e  b e i n g  t h a t  t h e  a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  i n  t h e  c a s e  
o f  G in  i s  s i g n i f i c a n t .
The p r e s e n t  i n v e s t i g a t i o n s  have  shown t h a t  a l l  e n z y m a t i c a l l y  
p r o d u c e d  g a m m a - g lu t a m y l - a m in o  a c i d s  and d i p e p t i d e s  can t h e m s e l v e s  
behave  as g a m m a -g lu ta m y l  d o n o r s .  These f i n d i n g s  c o n f i r m  t h a t  
e f f e c t i v e  i n t e r a c t i o n  w i t h  t h e  enzyme can o c c u r  w i t h  compounds i n  
w h i c h  t h e  g r o u p  a t t a c h e d  t o  t h e  g a m m a -g lu ta m y l  m o i e t y  v a r i e s  
c o n s i d e r a b l y  i n  s t r u c t u r e ,  as  p r e v i o u s l y  d i s c u s s e d  i n  S e c t i o n
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3 . 3 . 2 .  The c o n c l u s i o n  t h a t  g a m m a - g lu t a m y l - a m in o  a c i d s  a r e  a b l e  t o  
a c t  as d o n o r s  i s  s u p p o r t e d  by Hasegawa e t  a l . i ® * ,  who showed t h a t  
some g a m m a - g lu t a m y l - a m in o  a c i d s  had a f a s t e r  r a t e  o f  h y d r o l y s i s  
t h a n  g l u t a t h i o n e .  O t h e r  w o rk e rs ® ® '® *  have  f o u n d  t h a t  a number  o f  
g a m m a - g lu t a m y l - a m in o  a c i d s  can  s e r v e  as  e f f e c t i v e  g a m m a -g lu ta m y l  
d o n o r s .  The m os t  a c t i v e  o f  t h e s e  w e re  t h e  g a m m a -g lu ta m y l  
d e r i v a t i v e s  o f  G in ,  D , L - m e t h i o n i n e ,  c y s t e i n e ,  a - a m i n o b u t y r i c  a c i d  
and s e r i n e .  H o w eve r ,  t h e s e  w o r k e r s  a l s o  f o u n d  t h a t  
g a m m a - g l u t a m y l - L - p r o l i ne e x h i b i t e d  some a c t i v i t y ,  c o n t r a r y  t o  t h e  
f i n d i n g  t h a t  s e c o n d a r y  a m id e s  a r e  n o t  h y d r o l y s e d  by GGT ( T a b l e  3 .1  
& S e c t i o n  3 . 3 . 2 ) .
The h y d r o l y s i s  o f  G -G-p -NA was shown t o  co m p e te  s l i g h t l y  w i t h  
t h a t  o f  G-p-NA ( F i g u r e s  21 & 2 3 ) ,  as  w e l l  as  p r o c e e d i n g  a t
a p p r o x i m a t e l y  h a l f  t h e  r a t e  o f  t h e  h y d r o l y s i s  o f  G -p -NA .  T h i s  
p r o d u c t  o f  a u t o t r a n s p e p t i d a t i o n  w i l l  s i g n i f i c a n t l y  s l o w  down t h e  
h y d r o l y s i s  o f  G-p -NA ,  and t h u s  c o m p l i c a t e s  t h e  k i n e t i c s .  The 
e f f e c t s  on t h e  a u t o t r a n s p e p t i d a t i o n  r e a c t i o n s  o f  t h e  tw o  
g a m m a -g lu ta m y l  d o n o r s ,  G-p -NA and G in ,  upon a d d i n g  g l y c l y g l y c i n e  
a r e  d i f f e r e n t .  The f o r m a t i o n  o f  G -G -p -NA i s  a l m o s t  c o m p l e t e l y  
s u p p r e s s e d ,  w h i l e  G -G ln  f o r m a t i o n  i s  o n l y  r e d u c e d  by a b o u t  10% 
( F i g u r e s  3 . 1 7 - 3 . 2 0 ) .  T h i s  r e s u l t  may be due t o  G in  b e i n g  a 
r e l a t i v e l y  good a c c e p t o r  o f  t h e  g a m m a -g lu ta m y l  m o i e t y ,  c o m p a r a b le  
t o  g l y c y l g l y c i n e ,  w h e re a s  G-p-NA i s  n o t .  I n  t h e  p r e s e n c e  o f  
g l y c y l g l y c i n e  t h e  r a t e  o f  u t i l i s a t i o n  o f
G-p-NA a p p r o x i m a t e s  t o  f i r s t  o r d e r  r a t e  k i n e t i c s ,  w h i l e  G in  w i t h  
i t s  c o n s i d e r a b l e  a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  i s  f a r  removed f r o m  
f i r s t  o r d e r  k i n e t i c s .  These r e s u l t s  c o n f i r m  t h e  f i n d i n g s  o f  T a t e  & 
M e i s t e r . ®  ®
The p r o d u c t s  o f  t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n  can  
t h e m s e l v e s  s u b s e q u e n t l y  behave  as g a m m a -g lu ta m y 1 d o n o r s .  T h i s  means
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t h a t  t h e y  w i l l  c om pe te  w i t h  t h e  o r i g i n a l  d o n o r  f o r  t h e  
g a m m a -g lu ta m y l  b i n d i n g  s i t e  t o  be h y d r o l y s e d  by t h e  enzyme.  T h i s  
i n t r o d u c e s  many c o m p l i c a t i o n s  t o  t h e  k i n e t i c s  and w i l l  be 
i n v e s t i g a t e d  f u r t h e r  i n  A p p e n d ix  2.
No e v i d e n c e  was f o u n d  by T a t e  and Me is te r®"*  f o r  m o n o v a le n t  
c a t i o n  s t i m u l a t i o n  o f  t h e  GGT enzyme when g l u t a t h i o n e  was used  w i t h  
g l y c y l g l y c i n e .  How eve r ,  i n  t h e  p r e s e n t  s t u d y  ( F i g u r e  2 4 ) ,  as w i t h  
o t h e r  w o r k e r s 4 i ' i i 4 ' i 6 i  u s i n g  a v a r i e t y  o f  GGT s o u r c e s ,  
m o n o v a le n t  c a t i o n  s t i m u l a t i o n  w i t h  G-p-NA as t h e  d o n o r ,  was 
o b s e r v e d  i n  t h e  a bs e nc e  o f  an a c c e p t o r .  The d i s p a r i t i e s  be tw een  
t h e s e  o b s e r v a t i o n s  may be an a r t i f a c t  o f  u s i n g  G-p-NA as  a d o n o r ,  
o r  i t  may be due t o  t h e  a b s e n c e  o f  an a c c e p t o r .  The c a t i o n s  may 
i n t e r a c t  w i t h  p a r t  o f  t h e  a c c e p t o r  s i t e ,  o r  have  some a l l o s t e r i c  
e f f e c t  t h u s  s t i m u l a t i n g  h y d r o l y s i s  o f  t h e  d o n o r .
As t h e  p r e c i s e  n a t u r e  o f  t h i s  e f f e c t  i s  unknown,  t h e  i o n i c  
s t r e n g t h  was k e p t  m o d e r a t e l y  c o n s t a n t  so  t h a t  d i r e c t  c o m p a r i s o n s  
c o u l d  be made. I n  a l l  e x p e r i m e n t a l  p r o c e d u r e s  i n v o l v i n g  a s s a y i n g  
t h e  a c t i v i t y  o f  GGT, 0 .1M PBS was used  and t h e  a d d i t i o n  o f  o t h e r  
c a t i o n s  k e p t  t o  a m in imum.  N e v e r t h e l e s s  t h e  o b s e r v a t i o n  t h a t  GGT 
a c t i v i t y  i s  s t i m u l a t e d  by N a + , t o g e t h e r  w i t h  t h e  d a t a  on o p t im u m  
pH ( S e c t i o n  3 . 2 , 4 )  and a m in o  a c i d  s p e c i f i c i t y  ( C h a p t e r  4 ) ,  s u p p o r t  
t h e  h y p o t h e s i s  t h a t  GGT may be i n v o l v e d  i n  am ino  a c i d  t r a n s p o r t  
( d i s c u s s e d  i n  d e t a i l  i n  C h a p t e r  1 ) .
- 9 4 -
GAMMA-GLUTAMYL DONORS
3 . 4  3 U M M A R V ^
1) The b i n d i n g  s i t e  f o r  t h e  g a m m a -g lu ta m y l  m o i e t y  o f  t h e  
d o n o r ,  i s  n o t  s t e r e o s p e c i f i c ,  i e :  D - ,  L -  and a - m e t h y l  
s u b s t i t u t e d  g a m m a -g lu ta m y l  d o n o r s  b i n d .  How eve r ,  t h e  g a m m a -g lu ta m y l  
m o i e t y  o f  t h e  d o n o r  m u s t  c o n t a i n  an a - a m in o  and an a - c a r b o x y l i c  
a c i d  f u n c t i o n a l  g r o u p .  The p o s i t i o n  o f  t h e  am ide  l i n k a g e  m u s t  be 3 
c a r b o n  bonds away f r o m  t h e  a - c a r b o n ,  i e :  g a m m a -g lu ta m y l  and n o t  
( 3 - a s p a r t y l  .
2 )  The d o n o r  m o i e t y  o f  t h e  g a m m a -g lu ta m y l  d o n o r  can e i t h e r  be an 
a l c o h o l  o r  any p r i m a r y  a m in e ,  f o r  a g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e  t o  be f o r m e d .  G am m a-g lu tam y l  d o n o r s  o f  s e c o n d a r y  
am ides  a r e  n o t  h y d r o l y s e d  by  GGT.
3)  G-p-NA i s  a good d o n o r ,  w h i l e  G in  i s  a p o o r  d o n o r ,  t h i s  i s  due 
t o  e l e c t r o n i c  p r o p e r t i e s  o f  t h e  d o n o r  and t h e  s p e c i f i c  b i n d i n g  o f  
t h e  p - n i t r o  g r o u p  t o  a s i t e  i n  t h e  a c t i v e  s i t e .
4 )  The pH r e v e r s i b i l i t y  o f  t h e  enzyme be tw een  pH 7 - 1 0  a l l o w s  d i r e c t  
c o m p a r i s o n s  w i t h i n  t h i s  r a n g e  t o  be made. O u t s i d e  t h i s  pH r a n g e  
t h e  enzyme a c t i v i t y  i s  i r r e v e r s i b l y  d e g r a d e d .
5)  The p i n g - p o n g  m echan ism  o f  t h e  enzyme i s  c o n f i r m e d  by t h e  d a t a  
a n a l y s e d  by t h e  L i n e w e a v e r - B u r k  p l o t s  f o r  a l l  t h r e e  d o n o r s  s t u d i e d  
(G~p—NA, GCNA and G i n ) .
6 )  T h re e  c o n c u r r e n t  r e a c t i o n s ,  h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  and 
a u t o t r a n s p e p t i d a t i o n ,  a r e  a b l e  t o  t a k e  p l a c e .  The r e l a t i v e  r a t e s  
o f  t h e  r e a c t i o n s  a r e  d e p e n d e n t  upon t h e  d o n o r  and i t s  
c o n c e n t r a t i o n ,  t h e  a c c e p t o r  and i t s  c o n c e n t r a t i o n ,  as w e l l  as  pH.
7)  The p r o d u c t s  o f  t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n  
can behave  as g a m m a -g lu ta m y l  d o n o r s ,  and as s u c h  c om pe te  
w i t h  t h e  o r i g i n a l  g a m m a - g l u t a m y l - d o n o r .
8 )  The k i n e t i c s  o f  t h i s  p i n g - p o n g  mechan ism a r e  c o m p l i c a t e d  by  t h e  
v a r i o u s  r e a c t i o n s  w h i c h  a r e  a b l e  t o  s tem  f r o m  t h e  key
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g a m m a -g lu ta m y l  enzyme i n t e r m e d i a t e .  T h i s  i s  w i l l  i n v e s t i g a t e d  
f u r t h e r  i n  A p p e n d ix  2 .
9 )  The c a t i o n i c  s t i m u l a t i o n  o f  h y d r o l y s i s  has  been d e t e c t e d  u n d e r  
t h e  c o n d i t i o n s  s t u d i e d  h e r e ,  b u t  assumed t o  r e m a in  
e s s e n t i a l l y  c o n s t a n t  f o r  s i m p l i f i c a t i o n  i n  a l l  s u b s e q e n t  
e x p e r i m e n t a l  p r o c e d u r e s .
10) F u r t h e r  s t u d i e s  i n  t h e  s u b s e q u e n t  c h a p t e r s  w i l l  c o n c e n t r a t e  on 
G-p-NA and G in  as d o n o r s ,  and c o m p a r i s o n s  o f  t h e s e  good and p o o r  
d o n o r s  w i l l  be made.
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3 . 4  E > c i 3 ^ r - i  m ^ n t s o L  1
3 . 5 . 1  G e n e r a l  P r o c e d u r e s
A l l  s o l u t i o n s  were  p r e p a r e d  i n  a p h o s p h a t e  b u f f e r  s a l i n e  (PBS) 
b u f f e r  ( 0 .1 M ,  pH 8 . 5 ) ,  u n l e s s  o t h e r w i s e  s p e c i f i e d .  The pH o f  
s o l u t i o n s  was a l t e r e d  u s i n g  NH4OH o r  HCl ( 0 .1 M  o r  0 . 5 M ) ,  i f  t h e  
s o l u t i o n s  i n v o l v e d  w e re  b e i n g  a s s a y e d  f o r  ammonia ,  NaOH ( 0 .1 M )  was 
used  i n s t e a d  o f  NH4OH.
A l l  g a m m a -g lu ta m y l  p r o d u c t s  t h a t  w e re  e n z y m a t i c a l  p r e p a r e d  we re  
p u r i f i e d  a n d / o r  i d e n t i f i e d  by h . p . l . c  on a r e v e r s e  phase  p - b o n d e d  
Cl 8 co lum n  (T ec hno pak  lOCie 30cm x 7 .8m m ).  An i s o c r a t i c  s o l v e n t  
m i x t u r e  o f  80% A and 20% B (A :  w a t e r ,  B: a c e t o n i t r i l e  + 1% TF A ) ,  
was passe d  t h r o u g h  t h e  c o lu m n  a t  2ml m i n - i  u s i n g  a S p e c t r a  
P h y s i c s  SP8700 s o l v e n t  d e l i v e r y  s y s t e m .  The compounds w e re  d e t e c t e d  
u s i n g  t h e  UV d e t e c t o r  UVIKON 735LC m o n i t o r e d  a t  230nm. C o n d i t i o n s  
f o r  PITC d e r i v i t i s e d  am ino  a c i d s / p e p t i d e s  a r e  d e s c r i b e d  i n  C h a p t e r  
6 .
T h i n  L a y e r  C h ro m a to g r a p h y  ( T L C ) ,  was c a r r i e d  o u t  on c e l l u l o s e  
p l a t e s ,  w h ic h  we re  d e v e lo p e d  i n  a s o l v e n t  s y s te m  o f  b u t a n - 1 - o l :  
w a t e r :  g l a c i a l  a c e t i c  a c i d ;  4 : 1 : 1 .  The p l a t e s  we re  v i s u a l i s e d  by
s p r a y i n g  w i t h  a s o l u t i o n  o f  n i n h y d r i n  i n  b u t a n - 1 - o l  ( 0 . 5 g / 1 0 0 m l ) ,
3 . 5 . 2  M a t e r i a l s
The s o u r c e  o f  enzyme g a m m a - g l u t a m y l - t r a n s p e p t i d a s e  (GGT) 
was p u r c h a s e d  f r o m  S igma (G4756;  Type I I  l y p h i l l i z e d  pow der  f r o m  
b o v i n e  k i d n e y  10 -20  u n i t s  m g - i )  and used  w i t h o u t  f u r t h e r  
p u r i f i c a t i o n .  A l l  c h e m i c a l s ,  e x c e p t  t h o s e  p r e p a r e d  as d e s c r i b e d  i n  
C h a p t e r  2 ,  we re  p u r c h a s e d  f r o m  e i t h e r  S igma,  A l d r i c h  o r  BDH.
3 . 5 . 3  I n s t r u m e n t a t i o n
A P h i l i p s  PU8700 s e r i e s  U V / V i s  s p e c t r o m e t e r  was used t o  c a r r y  o u t  
a l l  o f  t h e  UV m easu rem en ts  u n l e s s  s t a t e d ,  u s i n g  1 cm p a t h l e n g t h
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c e l l s .  The s p e c t r o p h o t o m e t e r  was t h e r m o s t a t e d  by  a w a t e r  b a t h  a t  25 
± 0 . 5 ° C .  u n l e s s  s t a t e d .  The w a v e l e n g t h  o f  a b s o r b t i o n  bands a r e
g i v e n  i n  nm, and e x t i n c t i o n  c o e f f i c i e n t s  ( e )  a r e  g i v e n  i n  
M“ 1 c m "1
I n i t i a l  r a t e s  o f  UV a b s o r b a n c e  r e a d i n g s  w e re  c a l c u l a t e d  u s i n g  a 
l e a s t  s q u a r e s  p r o g r a m  ( A p p e n d i x  3 )
D y n a te c h  M i c r o p l a t e  R e ade r  MR600 c o u p l e d  t o  a BBC c o m p u te r  was 
used  t o  m easure  t h e  a b s o r b a n c e  o f  w e l l s  i n  9 6 - w e l l  p l a t e s .
A l l  pH m e asu rem en ts  w e re  t a k e n  u s i n g  an Hanna I n s t r u m e n t  H I .  8417 
c o u p l e d  t o  a R u s s e l l  pH e l e c t r o d e .  C a l i b r a t i o n  u s i n g  b u f f e r s  pH 4 
and 7 was c a r r i e d  o u t  a t  l e a s t  e v e r y  3 m o n th s .
N u c l e a r  m a g n e t i c  r e s o n a n c e  ( n . m . r . )  s p e c t r a  we re  o b t a i n e d  on a
B r u c k e r  AC 300 s p e c t r o m e t e r  f o r  a l l  o f  t h e  g a m m a -g lu ta m y l
p r o d u c t s  w h i c h  w e re  e n z y m a t i c a l  p r e p a r e d .
3 . 5 . 4  E x p e r i m e n t a l  P r o c e d u r e s
3 . 5 . 4 . 1  DONOR: G-P-NA
L i n e a r i t y  o f  Enzvme A c t i v i t y  W i t h  G-p-NA
V a r i o u s  c o n c e n t r a t i o n s  o f  GGT ( 1 m l ,  0 - 0 . 2mg) w e re  m ixed  w i t h  G-p-NA 
( 1 m l ,  3.5mM) and 2ml o f  PBS. T o t a l  a s s a y  v o lu m e  was 4ml (pH 8 . 5 ) ,
t h e  i n i t i a l  r a t e  o f  c hange  o f  a b s o r b a n c e  a t  410nm was m easured  f o r  
10 m i n u t e s .
Enzyme A c t i v i t y  a t  V a r i o u s  M o n o v a le n t  C a t i o n  C o n c e n t r a t i o n  
A l l  o f  t h e  f o l l o w i n g  s o l u t i o n s  we re  made up i n  T r i s . HCl b u f f e r
(5mM, pH 8 ) .  GGT ( 1 m l ,  0 .1  mg) and G-p-NA ( 1 m l ,  3.5mM) w e re  added  t o
v a r y i n g  c o n c e n t r a t i o n s  o f  s a l t  s o l u t i o n s  ( 1 m l ,  0 . 1 - 1 . 0 M ) .  The
i n i t i a l  r a t e  o f  chan ge  o f  a b s o r b a n c e  a t  410nm was m easured  f o r  10 
m i n u t e s .  The s a l t s  s t u d i e d  w e r e ;  N a C l , L i B r ,  K C l , NH4 C I .
Enzyme A c t i v i t y  a t  V a r i o u s  T e m p e r a t u r e s
The t h e r m o s t a t e d  b a t h  (±  0 . 5 ° C )  c o n n e c t e d  t o  t h e  U V /V is
s p e c t r o p h o t o m e t e r  was a d j u s t e d  as r e q u i r e d  ( 5 ~ 7 5 ° C ) ,  and was used
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t o  t h e r m o s t a t  t h e  s o l u t i o n s .  The t h e r m o s t a t e d  s o l u t i o n s  o f  GGT 
( 1 m l ,  O . im g )  and G-p-NA ( 1 m l ,  3.5mM) we re  m ix ed  w i t h  e i t h e r  
g l y c y l g l y c i n e  ( 1 m l ,  lOOmM) o r  PBS. ( T o t a l  a s s a y  v o lu m e  was 4 m l ,  pH 
8 . 5 ) .  The i n i t i a l  r a t e  o f  chan ge  o f  a b s o rb a n c e  a t  410nm was 
m easu red  f o r  10 m i n u t e s .
Enzvme A c t i v i t y  w i t h  V a r i o u s  A c c e p t o r s / C a t a l y s i n g  A g e n t s  a t  
V a r i o u s  C o n c e n t r a t i o n s
A m i x t u r e  o f  GGT ( 1 m l ,  O . i m g )  and G-p-NA ( 1 m l ,  3.5mM) w e re  added t o
v a r y i n g  c o n c e n t r a t i o n s  o f  a c c e p t o r / c a t a l y s i n g  a g e n t  ( 1 m l ,  O-IOOmM),
and made t o  v o lum e  w i t h  PBS ( t o t a l  assay  v o lu m e  was 4 m l ,  pH 8 . 5 . ) .
The i n i t i a l  r a t e  o f  change  o f  a b s o rb a n c e  a t  410nm was m easured  f o r
10 m i n u t e s .  The a c c e p t o r s / c a t a l y s i n g  a g e n t s  s t u d i e d  i n c l u d e d ;  am ino
a c i d s ,  d i p e p t i d e s ,  d i a c i d s  and t h e i r  r e s p e c t i v e  d e r i v a t i v e s .
Enzyme A c t i v i t y  a t  V a r i o u s  pHs i n  t h e  p r e s e n c e  o f  V a r i o u s  
A c c e p t o r s
The enzyme GGT ( 1 m l ,  0 . 2 5 m g ) ,  G-p-NA ( 1 m l ,  3.5mM) and a c c e p t o r  
( 1 m l ,  lOOmM o r  lOmM f o r  s p a r i n g l y  s o l u b l e  am ino  a c i d s )  we re  m ix e d  
t o g e t h e r  and t h e  pH was a d j u s t e d  as r e q u i r e d .  PBS was added t o  make 
t h e  t o t a l  assay  v o lu m e  4 m l .  The i n i t i a l  r a t e  o f  change o f  
a b s o r b a n c e  a t  410nm was m eas u red  f o r  5 m i n u t e s .
Enzyme A c t i v t v  a t  V a r i o u s  C o n c e n t r a t i o n s  o f  D onor  and A c c e p t o r  
A s o l u t i o n  o f  GGT ( 1 m l ,  0 .2 5 m g )  was added t o  v a r y i n g  c o n c e n t r a t i o n s  
o f  G-p-NA ( 1 m l ,  0 .375 -6 m M )  i n  t h e  p r e s e n c e  o f  v a r y i n g
c o n c e n t r a t i o n s  o f  g l y c y l g l y c i n e  ( 1 m l ,  O-IOOmM). The t o t a l  a s s a y  
vo lu m e  was 4m1 (pH 8 . 5 ) ,  made up w i t h  PBS. The i n i t i a l  r a t e  o f  
chan ge  o f  a b s o rb a n c e  a t  410nm was measured f o r  10 m i n u t e s .  
C o m p a r i s o n  o f  Enzyme A c t i v i t y  w i t h  L -  and D- G-p-NA 
A s o l u t i o n  o f  GGT ( 1 m l ,  O . i m g )  was added t o  v a r y i n g  c o n c e n t r a t i o n s  
o f  b o t h  D- and L -  G -p-NA ( 1 m l ,  0 .375-6m M ) i n  t h e  p r e s e n c e  o r  
a b s e n c e  o f  g l y c y l g l y c i n e  ( 1 m l ,  lOOmM) and made up w i t h  PBS. (The  
t o t a l  a s s a y  v o lu m e  was 4 m l ,  pH 8 . 5 . )  The a b s o rb a n c e  a t  410nm was
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m o n i t o r e d  f o r  10 m i n u t e s ,  and t h e  i n i t i a l  r a t e  c a l c u l a t e d .
Enzvme A c t i v i t y  i n  t h e  Presence  o f  V a r io u s  A c c e p t o r s .
A m i x t u r e  o f  G-p-NA ( l O O p l ,  3.5mM) and GGT ( l O O p l ,  O . im g )  was added 
t o  v a r i o u s  a c c e p t o r s  ( l O O p l ,  50mM) i n  w e l l s  o f  a 9 6 - w e l l  p l a t e .  The 
a b s o r b a n c e  a t  410nm was m easu red  a g a i n s t  a r e f e r e n c e  a t  490nm u s i n g  
a d y n a t e c h  m i c r o p l a t e  r e a d e r ,  e v e r y  10 m i n u t e s  f o r  2 h o u r s .  R e a d in g  
f r o m  each  w e l l  w e re  f i t t e d  t o  a l e a s t  s q u a r e  p l o t  and t h e  i n i t i a l  
g r a d i e n t  was c a l c u l a t e d .  These  d e t e r m i n a t i o n s  w e re  c a r r i e d  i n  
p a r a l l e l  w i t h  t h e  same r e a c t i o n  m i x t u r e s  as  a b o v e ,  b u t  t h e  
a b s o r b a n c e  a t  410nm was measured  u s i n g  a UV s p e c t r o m e t e r  i n  a 1 cm 
p a t h l e n g t h  c e l l  w i t h  a v o lu m e  o f  4 5 0 p l .
Enzyme A c t i v i t y  W i t h  V a r i o u s  D i a c i d s  and T h e i r  E s t e r s  
S o l u t i o n s  o f  GGT ( 1 m l ,  0 .4 m g )  and G-p-NA ( 1 m l ,  3.5mM) w e re  added t o  
v a r i o u s  s o l u t i o n s  o f  d i a c i d s  and t h e i r  e s t e r s  ( 1 m l ,  0 .1M ,  pH
r e a d j u s t e d  t o  8 . 5  w i t h  NH4OH ( 0 . 5 M ) ) .  G l y c y l g l y c i n e  ( 1 m l ,  0 .1 M )
o r  PBS was added t o  g i v e  a t o t a l  a s s a y  v o lu m e  o f  4 m l .  The i n i t i a l  
r a t e  o f  change  o f  a b s o r b a n c e  a t  410nm was m easu red  f o r  5 m i n u t e s .
3 . 5 . 4 . 2  DONOR: GCNA
Enzvme A c t i v i t y  a t  V a r i o u s  C o n c e n t r a t i o n s  o f  D ono r  and A c c e p t o r  
A s o l u t i o n  o f  GGT ( 1 m l ,  0 .2 5 m g )  was added t o  v a r y i n g  c o n c e n t r a t i o n s  
o f  b o t h  GCNA ( 1 m l ,  0 .3 1 2 5 -1 0 m M )  i n  t h e  p r e s e n c e  o f  v a r y i n g
c o n c e n t r a t i o n s  o f  g l y c y l g l y c i n e  ( 1 m l ,  O-IOOmM). The t o t a l  a s s a y  
vo lu m e  was 4 m l ,  made up w i t h  PBS. The a b s o r b a n c e  a t  410nm was 
m o n i t o r e d  f o r  10 m i n u t e s ,  and t h e  i n i t i a l  r a t e  c a l c u l a t e d .
Enzvme A c t i v i t y  a t  V a r io u s  pHs
S o l u t i o n s  o f  GGT ( 1 m l ,  0 .2 5 m g )  and GCNA ( 1 m l ,  5mM) w e re  added t o  
e i t h e r  g l y c y l g l y c i n e  ( 1 m l ,  lOOmM) o r  PBS. The pH was a d j u s t e d  as 
r e q u i r e d  and 0 -1 m l  o f  PBS was added t o  make t h e  t o t a l  a s s a y  vo lu m e  
4 m l .  The pH was m easu red  and t h e  i n i t i a l  r a t e  o f  c han ge  o f
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a b s o r b a n c e  a t  410nm was m eas u red  f o r  5 m i n u t e s .
3 . 5 . 4 . 3  DONOR: G in
M e s s i e r ' s  D e t e r m i n a t i o n  o f  Ammonia
N e s s l e r ' s  r e a g e n t  was p r e p a r e d , ^ ® ®  and s t o r e d  i n  a brown 
s t o p p e r e d  b o t t l e .  A s s a y :  A s u b s a m p le  ( l O O p I )  f r o m  t h e  r e a c t i o n
m i x t u r e  was added t o  3ml o f  t h e  M e s s i e r ’ s s o l u t i o n  (2 .4m1 H2 SO4 
(0 .5 %  w / v )  + 0.6m1 M e s s i e r ’ s r e a g e n t )  and t h e  a b s o r b a n c e  a t  416nm 
was measured  a f t e r  1 m i n u t e  o f  m i x i n g .  A s t a n d a r d  c u r v e  ( F i g u r e  
3 . 2 7 )  was c o n s t r u c t e d  b e tw e e n  0 t o  17mM MHa, u s i n g  NH4 CI as  a 
s t a n d a r d  i n  ammonia f r e e  w a t e r  ( d e i o n i s e d  d o u b le  d i s t i l l e d  
w a te r (D D D W ))  .
F i g u r e  3 . 2 8 :  S t a n d a r d  C u rv e  f o r  M e s s i e r ’ s D e t e r m i n a t i o n  o f  Ammonia
CÛ<
2.5-1
2. 0 -
1.5 -
1. 0 -
0.5 -
0.0 20
[MHa] (mM)
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E n z y m a t i c  Ammonia D e t e r m i n a t i o n  -  G lu t a m a t e  D e hy d rogen as e  
The e n z y m a t i c  d e t e r m i n a t i o n  o f  ammonia u s i n g  g l u t a m a t e  
d e h y d r o g e n a s e  was c a r r i e d  o u t  u s i n g  a s t a n d a r d  a s s a y . 1 6 4  
A s s a y :  A s ubs a m p le  ( 2 0 0 p l )  f r o m  t h e  r e a c t f o n  m i x t u r e  was added t o
t r i c h l o r o a c e t i c  a c i d  ( 2 0 0 p l ,  10% w / v )  and n e u t r a l i s e d  w i t h
p o t a s s i u m  h y d ro g e n  c a r b o n a t e  ( l O O p l ,  2M).  T h i s  0 .5 m l  n e u t r a l  sa m p le  
was m ix e d  w i t h  T r i s . HCl b u f f e r  ( 2 0 0 p l ,  0 .5M ,  pH 8 . 0 ) ,
2 - o x o g l u t a r a t e  ( l O O p l ,  0 .1 M ,  pH 7 . 4 ) ,  r e d u c e d  n i c o t i n a m i d e - a d e n i ne 
d i n u c l e o t i d e  ( 3 0 p l ,  SmM i n  1% KHCO3 ) and DDDW ( 1 5 0 p l ) .  The 
a b s o r b a n c e  a t  340nm was m e a s u re d .  G l u t a m a t e  d e h y d r o g e n a s e  ( 2 0 p l ,  
S u n i t s  m l " i ) was added and m ix e d .  A f t e r  a f u r t h e r  90 m i n u t e s  t h e  
a b s o r b a n c e  a t  340nm was m e asu red  and t h e  c o n c e n t r a t i o n  o f  ammonia 
was c a l c u l a t e d  f r o m  t h e  d i f f e r e n c e  i n  t h e  a b s o r b a n c e s  a t  340nm.
A s t a n d a r d  c u r v e  ( F i g u r e  3 . 2 8 )  was c o n s t r u c t e d  be tween 0 t o  lOOpM 
NHs u s i n g  NH4 CI as a s t a n d a r d .
C u rv e  f o r  G lu t a m a t eF i g u r e  3 . 2 8 :  S t a n d a r d
D e t e r m i n a t i o n  o f  Ammonia
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L i n e a r i t y  o f  Enzvme A c t i v i t y
V a r i o u s  c o n c e n t r a t i o n s  o f  GGT ( 1 m l ,  0 - 0 . 7mg) w e re  m ix e d  w i t h  G in  
( 1 m l ,  60mM) and t h e  r a t e  o f  ammonia f o r m a t i o n  was m o n i t o r e d  by
t a k i n g  s u b s a m p le s  ( 1 0 0 p l )  e v e r y  30 m i n u t e s  and a s s a y i n g  f o r  ammonia 
( M e s s i e r ’ s m e th o d ) .  The i n i t i a l  r a t e  was c a l c u l a t e d  u s i n g  a l e a s t  
s q u a r e s  p r o g r a m .
S a t u r a t i o n  o f  Enzvme w i t h  G in  as  a Donor
A s o l u t i o n  o f  GGT ( 1 m l ,  Img)  was added t o  v a r y i n g  c o n c e n t r a t i o n s  o f
G in  ( 1 m l ,  O-IOOmM), and made up w i t h  PBS, g i v i n g  a t o t a l  a s s a y  
v o lu m e  o f  4 m l ,  pH 8 . 5 .  Su bsam p le s  ( l O O p l ) ,  w e re  t a k e n  e v e r y  15 
m i n u t e s  and a s s a y e d  f o r  ammonium ( M e s s i e r ’ s m e t h o d ) .  A l e a s t  
s q u a r e s  p ro g ra m  ( A p p e n d i x  3 )  was used t o  c a l c u l a t e  t h e  i n i t i a l  r a t e  
o f  h y d r o l y s i s  o f  G in .
Enzvme A c t i v i t y  a t  V a r i o u s  C o n c e n t r a t i o n s  o f  D onor  and A c c e p t o r  
A s o l u t i o n  o f  GGT ( 1 m l ,  1mg) was added t o  v a r y i n g  c o n c e n t r a t i o n s  o f  
G in  ( 1 m l ,  5-100mM) i n  t h e  p r e s e n c e  o f  v a r y i n g  c o n c e n t r a t i o n s  o f
g l y c y l g l y c i n e  ( 1 m l ,  O-IOOmM) and made up w i t h  PBS, g i v i n g  a t o t a l  
a s s a y  vo lu m e  o f  4 m l ,  pH 8 . 5 .  S ubsam p les  ( l O O p l ) ,  we re  t a k e n  e v e r y  
15 m i n u t e s  and a s s a y e d  f o r  ammonium ( M e s s i e r ’ s m e t h o d ) .  A l e a s t  
s q u a r e s  p ro g ra m  ( A p p e n d i x  3 )  was used t o  c a l c u l a t e  t h e  i n i t i a l  r a t e  
o f  h y d r o l y s i s .
C o m p a r i s o n  o f  Enzvme A c t i v i t y  w i t h  D- and L -  G in
A s o l u t i o n  o f  GGT ( 1 m l ,  Img)  was added t o  v a r y i n g  c o n c e n t r a t i o n s  o f
b o t h  D- and L -  G in  ( 1 m l ,  5 -100mM ),  and made up w i t h  PBS, g i v i n g  a 
t o t a l  a s s a y  v o lum e  o f  4 m l ,  pH 8 . 5 .  Su bsam p le s  ( l O O p l ) ,  w e re  t a k e n  
e v e r y  15 m i n u t e s  and a s s a y e d  f o r  ammonia ( M e s s i e r ’ s ) .  A l e a s t  
s q u a r e s  p r o g ra m  ( A p p e n d i x  3 )  was used t o  c a l c u l a t e  t h e  i n i t i a l  r a t e  
o f  h y d r o l y s i s .
Enzyme A c t i v i t y  a t  V a r i o u s  p Hs
S o l u t i o n s  o f  GGT ( 1 m l ,  Img)  and G in  ( 1 m l ,  60mM) we re  added t o
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e i t h e r  g l y c y l g l y c i n e  ( 1 m l ,  lOOmM) o r  m a l a t e  (1m, lOOmM) o r  PBS.
The pH was a d j u s t e d  as r e q u i r e d  and 0 -1m l  o f  PBS was added t o  make 
t h e  t o t a l  a s s a y  v o lum e  4 m l .  S u bsam p le s  ( l O O p l )  w e re  t a k e n  e v e r y  15 
m i n u t e s  and ass a y e d  f o r  ammonia ( M e s s i e r ’ s ) .  The i n i t i a l  r a t e  o f  
h y d r o l y s i s  was c a l c u l a t e d  u s i n g  a l e a s t  s q u a r e  p r o g r a m  ( A p p e n d i x
3 ) .
Enzvme A c t i v i t y  w i t h  V a r i o u s  C o n c e n t r a i o n s  o f  V a r i o u s  
A c c e p t o r s / C a t a l y s i n g  A g e n t s .
A m i x t u r e  o f  GGT ( 1 m l ,  Img)  and G in  ( 1 m l ,  60mM) was added  t o  
v a r y i n g  c o n c e n t r a t i o n s  o f  a c c e p t o r / c a t a l y s i n g  a g e n t  ( 0  t o  2 m l ,  
lOO-OmM), and made up w i t h  PBS. (The  t o t a l  a s s a y  v o lu m e  was 4 m l ,  pH
8 . 5 . )  Su bsam p les  ( l O O p l )  w e re  t a k e n  e v e r y  15 m i n u t e s  and a s s a y e d  
f o r  ammonia ( M e s s i e r ’ s ) ,  t h e  i n i t i a l  r a t e  was c a l c u l a t e d  u s i n g  a 
l e a s t  s q u a r e s  p ro g ra m  ( A p p e n d i x  3 ) .
3 . 5 . 4 . 4  I n v e s t i g a t i o n s  o f  t h e  Enzvme P r o d u c t s  
V a r i a t i o n  w i t h  pH
S o l u t i o n s  o f  GGT ( 1 m l ,  O . im g )  and G-p-MA ( 1 m l ,  3.5mM) o r  G in  ( 1 m l ,  
60mM) we re  m ix e d  w i t h  e i t h e r  g l y c y l g l y c i n e  ( 1 m l ,  lOOmM) o r  PBS 
( 1 m l ) .  The pH was a d j u s t e d  and t h e  t o t a l  a s s a y  v o lu m e  made up t o  
4m1 w i t h  PBS. The f o r m a t i o n  o f  t h e  h y d r o l y s i s  p r o d u c t s  
( p - n i t r o a n i 1 i ne o r  MHs) w e re  m o n i t o r e d  f o r  10 m i n u t e s  (G -p -M A )  o r  
60 m i n u t e s  ( G i n ) .  A f t e r  t h i s  t i m e  p e r i o d  a s u b s a m p le  ( 5 0 p l )  was 
t a k e n  and t h e  e n z y m ic  r e a c t i o n  was quenched  by t h e  a d d i t i o n  o f  
g l a c i a l  a c e t i c  a c i d  ( l O p l ) .  The s u b s a m p le  was q u a n t a t i v e l y  a n a l y s e d  
by h . p . l . c .  f o r  t h e  p r o d u c t s  f o r m e d  by t h e  enzyme r e a c t i o n s  i e : 
h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n .
V a r i a t i o n  w i t h  Time
S o l u t i o n s  o f  GGT ( 1 m l ,  O . im g )  and G-p-MA ( 1 m l ,  3.5mM) o r  G-G-p-MA 
( 1 m l ,  5mM) w e re  m ix ed  w i t h  e i t h e r  g l y c y l g l y c i n e  ( 1 m l ,  lOOmM) o r  PBS 
( 1 m l ) .  The pH was a d j u s t e d  t o  be tw e en  8 . 0  and 8 . 5  and t h e  t o t a l
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a s s a y  v o lu m e  made up t o  4m1 w i t h  PBS. The f o r m a t i o n  o f
p - n i t r o a n i l i n e  was f o l l o w e d  by t h e  a b s o r b a n c e  a t  410nm,
S i m u l t a n e o u s l y ,  s u b s a m p le s  ( 5 0 | i l )  we re  t a k e n ,  a f t e r  2 , 1 0  o r  20
m i n u t e s  d e p e n d in g  upon e x p e r i m e n t ,  and t h e  enzyme r e a c t i o n  quenched  
by t h e  a d d i t i o n  o f  g l a c i a l  a c e t i c  a c i d  ( l O p l ) .  The s a m p le s  w e re  
q u a n t a t i v e l y  a n a l y s e d  by h . p . l . c .  f o r  t h e  p r o d u c t s  f o rm e d  by t h e  
enzyme r e a c t i o n s  i e :  h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  and
a u t o t r a n s p e p t i  d a t i  o n .
3 . 5 . 4 . 5  I n v e s t i g a t i o n s  o f  I n h i b i t o r s
I n h i b i t i o n  w i t h  V a r i o u s  C o n c e n t r a t i o n s  o f  S e r i n e - B o r a t e  
A s o l u t i o n  o f  GGT ( 1 m l ,  0 .2 5 m g )  was added t o  v a r i o u s  c o n c e n t r a t i o n s  
o f  G-p-NA ( 1 m l ,  0 . 2 1 9 - 3 . 5mM) and s e r i n e - b o r a t e  ( 1 m l ,  O-IOOmM), and 
made up w i t h  PBS. (The  t o t a l  a s s a y  vo lu m e  was 4 m l ,  pH 8 . 6 . )  The 
a b s o r b a n c e  a t  410nm was m o n i t o r e d  f o r  10 m i n u t e s ,  and t h e  i n i t i a l  
r a t e  c a l c u l a t e d .
I n h i b i t i o n  o f  S e r i n e - B o r a t e  a t  V a r i o u s  pHs
A m i x t u r e  o f  GGT ( 1 m l ,  0 .2 5 m g )  and G-p-NA ( 1 m l ,  3.5mM) was added t o  
a s o l u t i o n  o f  s e r i n e - b o r a t e  ( 1 m l ,  2 .6mM).  The pH was a d j u s t e d  as 
r e q u i r e d ,  w i t h  a t o t a l  a s s a y  v o lum e  4 m l ,  The pH was m easured  and 
t h e  i n i t i a l  r a t e  o f  change  o f  a b s o rb a n c e  a t  410nm was m easu red  f o r  
5 m i n u t e s .
I n h i b i t i o n  w i t h  V a r i o u s  C o n c e n t r a t i o n s  o f  T h r e o n i n e - B o r a t e  
A s o l u t i o n  o f  GGT ( 1 m l ,  O . im g )  was added t o  v a r i o u s  c o n c e n t r a t i o n s  
o f  G-p -NA ( 1 m l ,  0 . 2 1 9 - 3 . 5mM) and t h r e o n i n e - b o r a t e  ( 1 m l ,  O-IOOmM), 
and made up w i t h  PBS. (The  t o t a l  a s s a y  v o lum e  was 4 m l ,  pH 8 . 5 . )  The 
a b s o r b a n c e  a t  410nm was m o n i t o r e d  f o r  10 m i n u t e s ,  and t h e  i n i t i a l  
r a t e  c a l c u l a t e d .
I n v e s t i g a t i o n  o f  t h e  I n h i b i t i n g  E f f e c t  o f  S e r i n e - B o r a t e  A n a lo g u e s  
A m i x t u r e  o f  GGT ( 1 m l ,  O . im g )  and G-p-NA ( 1 m l ,  3.5mM) was added t o  
v a r y i n g  c o n c e n t r a t i o n s  o f  i n h i b i t o r s  (0 t o  2 m l ,  lOO-OmM), and made
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up w i t h  PBS. (The  t o t a l  a s s a y  v o lu m e  was 4 m l ,  pH 8 . 5 . )  The 
a b s o rb a n c e  a t  410nm was m o n i t o r e d  f o r  10 m i n u t e s ,  and t h e  i n i t i a l  
r a t e  c a l c u l a t e d .
I n h i b i t i o n  w i t h  V a r i o u s  C o n c e n t r a t i o n s  o f  S e r i n e - O - P h o s p h a t e  
A m i x t u r e  o f  GGT ( 1 m l ,  O . im g )  and G-p-NA ( 1 m l ,  3.5mM) w e re  added t o  
v a r y i n g  c o n c e n t r a t i o n s  o f  s e r i n e - O - p h o s p h a t e  ( 1 m l ,  O-IOOmM) i n  t h e  
p r e s e n c e  o r  a bs e nc e  o f  g l y c y l g l y c i n e  ( 1 m l ,  lOOmM). The t o t a l  a s s a y  
v o lu m e  was made up t o  4ml w i t h  PBS. The i n i t i a l  r a t e  o f  chan ge  o f  
a b s o rb a n c e  a t  410nm was m easured  f o r  5 m i n u t e s .
I n h i b i t i o n  w i t h  AT -125  and A z a s e r i n e
A s o l u t i o n  o f  GGT ( 1 m l ,  O . im g )  was added t o  e i t h e r  AT -125  ( 1 m l ,
5mM), o r  a z a s e r i n e  ( 1 m l ,  6mM), i n  t h e  p r e s e n c e  o f  m a la t e  ( 1 m l ,  
50mM, pH r e a d j u s t e d ) ,  o r  s e r i n e - b o r a t e  ( 1 m l ,  5mM) o r  PBS. The t o t a l  
a s s a y  vo lum e  was made up t o  4ml w i t h  PBS. E v e ry  10 m i n u t e s  a 
s u b s a m p le  ( 0 . 5 m l )  was t a k e n  and a s s a y e d  f o r  t h e  r e m a i n i n g  enzyme 
a c t i v i t y  w i t h  G-p-NA ( 0 . 5 m l ,  3.5mM) and g l y c y l g l y c i n e  ( 0 . 5 m l ,  
lOOmM). The i n i t i a l  r a t e  o f  change  o f  a b s o rb a n c e  a t  410nm was 
measured  f o r  10 m i n u t e s .
I n h i b i t i o n  w i t h  V a r i o u s  C o n c e n t r a t i o n s  o f  l o d o a c e t a m id e  
A r e a c t i o n  m i x t u r e  o f  GGT ( 4 m l ,  0 . 8 m g ) ,  PBS ( 4 m l )  and i o d o a c e t a m i de 
( 4 m l ,  10,  25 o r  50mM) was t h e r m o s t a t e d  a t  2 5 ' C .  E v e ry  15 m i n u t e s  a
s u b s a m p le  ( 1 m l )  was t a k e n  and a s s a y e d  f o r  t h e  r e m a i n i n g  enzyme 
a c t i v i t y  w i t h  G-p-NA ( 0 . 5 m l ,  3.5mM) and g l y c y l g l y c i n e  ( 0 . 5 m l ,  
lOOmM). The i n i t i a l  r a t e  o f  change  o f  a b s o rb a n c e  a t  410nm was 
measured  f o r  10 m i n u t e s .
3 . 5 . 4 . 6  E n z y m a t i c  F o r m a t i o n  o f  G a m m a -G lu ta m y 1 -P ro d u c ts  
The f o l l o w i n g  i n c u b a t i o n  was c a r r i e d  o u t  i n  PBS ( 0 .1 M ,  pH 9 ) .  A 
s o l u t i o n  o f  GGT ( 1 m l ,  0 . 2 m g ) ,  was added t o  a m i x t u r e  o f  G in  ( 4 m l ,  
0 .22M )  and v a r i o u s  p o s s i b l e  a c c e p t o r s  ( 5 m l ,  0 .1 M )  and l e f t  s t i r r i n g
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a t  room t e m p e r a t u r e .  The r e a c t i o n  was quenched  by t h e  a d d i t i o n  o f  
d i l u t e  HCl (3M) u n t i l  a pH o f  2 . 5  was a t t a i n e d .  The m i x t u r e  o f  
r e a c t i o n  p r o d u c t s  was a p p l i e d  t o  a Dowex 1x8 - 2 0 0  c o lum n  (2 0  x 
2 .5 c m )  e q u i l i b r a t e d  w i t h  0 .0 1 N  a c e t i c  a c i d .  A g r a d i e n t  o f  a c e t i c  
a c i d  ( 0 . 0 1 - 2 . 0 M )  was a p p l i e d  t o  t h e  c o lu m n ,  20ml f r a c t i o n s  w e re  
c o l l e c t e d  and t e s t e d  f o r  f r e e  NH2 ( f r a c t i o n s  we re  s p o t t e d  o n t o  
f i l t e r  p a p e r  and s p r a y e d  w i t h  n i n h y d r i n  s o l u t i o n ) .  The p o s i t i v e  
f r a c t i o n s  u n d e r w e n t  TLC t o  a s c e r t a i n  w h i c h  c o n t a i n e d  t h e  
g a m m a -g lu ta m y l  p r o d u c t s .  These  f r a c t i o n s  we re  s u b s e q u e n t l y  
f r e e z e - d r i e d  and p u r i f i e d / i d e n t i f i e d  f u r t h e r  by h . p . l . c .  
C o m p a r i s o n s  we re  made w i t h  a u t h e n t i c  ( s y n t h e t i c a l l y  p r e p a r e d  
( C h a p t e r  2 ) )  g a m m a -g lu ta m y l  p r o d u c t s  t o  c o n f i r m  t h e i r  i d e n t i t y .  
T h i s  was a c h i e v e d  e i t h e r  by TLC, m .p .  a n d / o r  1 H n . m . r . .
E n z y m a t i c  F o r m a t i o n  o f  C v s t e i n v 1a l v c i ne
A s o l u t i o n  o f  g l u t a t h i o n e  ( 5 m l ,  50mM) was added t o  GGT ( 5 m l ,  
0 . 2 5 m g ) ,  i n  PBS ( O . IM ,  pH 9)  and s t i r r e d  a t  room t e m p e r a t u r e  f o r  a t  
l e a s t  15 h o u r s .  The r e a c t i o n  m i x t u r e  was w o r k e d - u p  as a b o v e ,  and 
com pared  t o  s y n t h e t i c a l l y  p r e p a r e d  c y s t e i n y 1g l y c i ne ( C h a p t e r  2 ) .
3 . 5 . 4 . 7  O t h e r  P r o c e d u r e s
I n v e s t i g a t i o n  o f  P v r o g l u t a m i c  a c i d  ( 5 - o x o - p r o l i ne )
A s o l u t i o n  o f  p y r o g l u t a m i c  a c i d  ( 1 m l ,  lOOmM) was i n c u b a t e d  w i t h  GGT 
( 1 m l ,  0 .2 m g)  i n  t h e  p r e s e n c e  and a b s e n c e  o f  g l y c y l g l y c i n e  ( 1 m l ,
lOOmM) a t  25°C f o r  24 h o u r s .  S u bsam p le s  w e re  t a k e n  e v e r y  few  h o u r s  
and a n a l y s e d  f o r  h y d r o l y s i s  p r o d u c t s  by TLC.
Enzvme A c t i v i t y  w i t h  V a r i o u s  G -p-NA A n a lo g u e s
S o l u t i o n s  o f  GGT ( 1 m l ,  0 .1  & 1mg) w e re  a p p l i e d  t o  v a r i o u s  G-p-NA 
a n a lo g u e s  ( 1 m l ,  2mM) i n  t h e  p r e s e n c e  o r  a bs e nc e  o f  g l y c y l g l y c i n e  
( 1 m l ,  lOOmM). The t o t a l  a s s a y  v o lu m e  was made t o  4m1 w i t h  PBS, and 
t h e  a b s o r b a n c e  a t  410nm m e a su red  f o r  60 m i n u t e s .  The i n i t i a l  r a t e  
o f  h y d r o y l s i s  was c a l c u l a t e d .
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T r a n s p e p t i d a t i o n  R a te s  w i t h  V a r i o u s  Gamma-Glutamyl Dono rs  
The a c t i v i t y  o f  t r a n s p e p t i d a s e  t o w a r d s  s e v e r a l  g a m m a -g lu ta m y l  
d o n o r s  was i n v e s t i g a t e d  by m e a s u r i n g  t h e  amount  o f  
g a m m a - g l u t a m y l - m e t h i o n i n e  p r o d u c e d ,  t h e  p r o d u c t  o f  t h e  
t r a n s p e p t i d a t i o n  r e a c t i o n .  S o l u t i o n s  o f  v a r i o u s  g a m m a -g lu ta m y l  
d o n o r s  ( 1 m l ,  5mM), w e re  added t o  m e t h i o n i n e  ( 1 m l ,  20mM) and GGT
( 1 m l ,  O . i m g ) .  A f t e r  30 m i n u t e s  t h e  r e a c t i o n  was quenched  by t h e  
a d d i t i o n  o f  g l a c i a l  a c e t i c  a c i d  ( l O O p l ) .  The g a m m a - g lu t a m y l -  
m e t h i o n i n e  was d e r i v i t i s e d  w i t h  PITC and q u a n t a t i v e l y  e s t i m a t e d  by 
h . p . l . c .  u s i n g  a s t a n d a r d  c u r v e  as  d e s c r i b e d  i n  C h a p t e r  6 .  
N o n - E n z v m a t i c  H y d r o l y s i s  o f  D o no rs
The d o n o r s  s t u d i e d  w e re  G-p -NA ( 3 m l ,  3,5mM) and G in  ( 3 m l ,  40mM),
and t h e  pH was a d j u s t e d  as  r e q u i r e d  and PBS was added t o  make t h e  
t o t a l  a s s a y  v o lu m e  4 m l .  The pH was m easured  and t h e  r a t e  o f  p-NA o r  
NHa f o rm e d  was m o n i t o r e d  e v e r y  h a l f  h o u r  f o r  10 h o u r s .  The 
i n i t i a l  r a t e  was c a l c u l a t e d  u s i n g  a l e a s t  s q u a r e s  p r o g r a m  
( A p p e n d i x  3 ) .
- 1 0 8 -
CHAPTER 4
ACCEPTORS OF THE GAMMA-GLUTAMYL MOIETY
4 .1  I n t r o d u c t i o n
4 . 2  E x p e r i m e n t a l
4 . 3  R e s u l t s
4 . 3 . 1  I n v e s t i g a t i n g  V a r i o u s  A c c e p t o r s
4 . 3 . 2  I n v e s t i g a t i n g  t h e  E f f e c t  o f  V a r i o u s  A c c e p t o r s  
O ve r  a Range o f  C o n c e n t r a t i o n s
4 . 3 . 3  I n v e s t i g a t i n g  t h e  E f f e c t  o f  V a r i o u s  A c c e p t o r s  
O ve r  a pH Range
4 . 4  D i s c u s s i o n
4 . 4 . 1  S p e c i f i c i t y  o f  t h e  A c c e p t o r  B i n d i n g  S i t e
4 . 4 . 2  The E f f e c t  o f  A c c e p t o r  C o n c e n t r a t i o n  on t h e  R a te
4 . 4 . 3  The E f f e c t  o f  pH on t h e  Ra te
4 . 5  Summary
110 
111 
111 
111 
119
127
132
132
136
139
142
ACCEPTORS
4 .  1 I M T - R O P U O T  X O f N i
As p r e v i o u s l y  d e s c r i b e d  i n  C h a p t e r  1, t h e  enzyme GGT u n d e r g o e s  a 
p i n g - p o n g  m e c h a n i s m , s i  t h e  f i r s t  h a l f  o f  w h i c h  i s  t h e  
h y d r o l y s i s  o f  a g a m m a -g lu ta m y 1 - d o n o r ,  f o r m i n g  a
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e  ( i n v e s t i g a t e d  i n  C h a p t e r  3 ) .  The 
s e c o n d  s t a g e  i n v o l v e s  t h e  b i n d i n g  o f  an a c c e p t o r  ( a m in o  a c i d  o r  
d i p e p t i d e )  t o  p a r t  o f  t h e  a c t i v e  s i t e ,  o r i e n t a t e d  i n  such  a way as  
t o  a t t a c k  t h e  i n t e r m e d i a t e  f o r m i n g  a g a m m a -g lu ta m y l  a c c e p t o r ,  w h i c h  
i s  s u b s e q u e n t l y  r e l e a s e d  by t h e  enzyme.  I t  i s  t h i s  second  s t a g e  o f  
t h e  mechan ism t h a t  i s  t h e  s u b j e c t  o f  i n v e s t i g a t i o n  i n  t h i s  c h a p t e r .
The r a t e  o f  h y d r o l y s i s  o f  a g a m m a -g lu ta m y l  d o n o r  by GGT ( t u r n  
o v e r  r a t e )  has been shown by many w o r k e r s , ^ 3  » s 4 , 1 9 2  t o  be
c a t a l y s e d  t o  a s p e c i f i c  r a t e  f o r  a p a r t i c u l a r  a c c e p t o r .
I n v e s t i g a t i n g  t h e  s t e r i c ,  s t r u c t u r a l  and e l e c t r o n i c  p r o p e r t i e s  o f  
t h e  a c c e p t o r  b i n d i n g  s i t e  t o  g a i n  some i n s i g h t  as t o  w h a t
r e q u i r e m e n t s  a r e  n e c e s s a r y  f o r  an a c c e p t o r .  T h i s  w i l l  be a c h i e v e d  
by u s i n g  a w id e  ra n g e  o f  am ino  a c i d s ,  d i p e p t i d e s  and t h e i r
d e r i v a t i v e s ,  and c o m p a r in g  t h e i r  e f f e c t s  on t h e  r a t e  o f  h y d r o l y s i s  
o f  G -p -NA .
T h i s  c h a p t e r  i s  d i v i d e d  b e tw e en  t h r e e  s u b t o p i c s ,  f i r s t l y  a b ro a d  
o v e r v i e w  o f  t h e  a c c e p t o r  s i t e ,  u s i n g  a v a r i e t y  o f  a c c e p t o r s .  
S e c o n d l y ,  t h e  e f f e c t  o f  some o f  t h e s e  a c c e p t o r s  w i l l  be s t u d i e d  i n  
d e t a i l ,  i e :  a t  v a r i o u s  c o n c e n t r a t i o n s .  L a s t l y ,  as t h e  pH o f  t h e
r e a c t i o n  has a l r e a d y  been shown t o  be a v i t a l  c r i t e r i o n  t o  t h e  r a t e  
o f  u t i l i s a t i o n  o f  a g a m m a -g lu ta m y l  d o n o r  ( C h a p t e r  3 ) ,  s e v e r a l  
a c c e p t o r s  a r e  used o v e r  a pH r a n g e  t o  i n v e s t i g a t e  t h e i r  e f f e c t  on 
t h e  o v e r a l l  pH p r o f i l e .
As i n  C h a p t e r  3 ,  c o m p a r i s o n s  a r e  made be tw een  t h e  r e a c t i o n s  o f  a 
good and a p o o r  d o n o r  (G -p -N A  and G in  r e s p e c t i v e l y ) .  T h i s  i s  
c a r r i e d  o u t  w i t h  a fe w  key  e x p e r i m e n t s  i n v o l v i n g  s e v e r a l  a c c e p t o r s .
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4 . 2 E > c i 3 ^  r— i n  t a  1
A l l  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e s  c a r r i e d  o u t  i n  t h i s  c h a p t e r  
a r e  d e s c r i b e d  i n  S e c t i o n  3 . 5 .
4 . 3  R E S U L - T 3
4 . 3 . 1  I n v e s t i g a t i n g  V a r i o u s  A c c e p t o r s
V a r i o u s  compounds,  n a m e ly  am ino  a c i d s  and d i p e p t i d e s  and t h e i r  
d e r i v a t i v e s  a r e  i n v e s t i g a t e d  f o r  t h e i r  a b i l i t y  t o  a c t  as  a c c e p t o r s  
o f  t h e  g a m m a -g lu ta m y l  m o i e t y  f r o m  t h e  g a m m a -g lu ta m y l  enzyme 
i n t e r m e d i a t e .  A m easure  o f  t h e  a c c e p t a b i l i t y  o f  a compound i s  g i v e n  
by t h e  a c t i v i t y  r a t i o ,  a r a t i o  o f  t h e  r a t e  o f  h y d r o l y s i s  o f  t h e  
g a m m a -g lu ta m y l  d o n o r  i n  t h e  p r e s e n c e  and i n  t h e  a b s e n c e  o f  t h e  
a c c e p t o r .  These s t u d i e s  w e re  c a r r i e d  o u t  i n  PBS ( O . I M )  a t  pH 8 . 5 ,  
u s i n g  G-p-NA (3 .5mM) as a d o n o r .  The r e s u l t s  shown h e r e  f o r  e a c h  
compound a r e  means (±6%) o f  a t  l e a s t  20 d e t e r m i n a t i o n s  u s i n g  
9 6 - w e l l  p l a t e s  and 6 u s i n g  a U V / V i s  s p e c t r o m e t e r  ( s e e  S e c t i o n  3 . 5 ) .
S e v e r a l  a s p e c t s  o f  t h e  a c c e p t o r s  a r e  i n v e s t i g a t e d  i n  t u r n  t o  t r y  
t o  h i g h l i g h t  some o f  t h e  s t r u c t u r a l  and e l e c t r o n i c  p r o p e r t i e s  
r e q u i r e d  by a good a c c e p t o r .  These  i n c l u d e  s t e r e o c h e m i s t r y ,  non 
a - a m in o  s u b s t i t u t i o n ,  N - s u b s t i t u t i o n ,  c a r b o x y  s u b s t i t u t i o n  as w e l l  
as l e n g t h ,  b r a n c h i n g  and c h a r g e  o f  t h e  s i d e  c h a i n .
T a b l e  4 .1  shows t h a t  D - i s o m e r s  and a - m e t h y l  s u b s t i t u t e d  a m in o  
a c i d s  ( a - a m i n o  i s o b u t y r i c  a c i d  ( a - I A B ) )  do n o t  s t i m u l a t e  t h e  
h y d r o l y s i s  o f  t h e  d o n o r .  TLC s t u d i e s  showed no f o r m a t i o n  o f  a 
t r a n s p e p t i d a t i o n  p r o d u c t  w i t h  such  d e r i v a t i v e s .  | 3 - A l a n i n e ,  
B - g l u t a m i c  a c i d ,  t a u r i n e  and gamma-ami no b u t y r i c  a c i d  (GABA) have  
v e r y  l i t t l e  e f f e c t  on t h e  r a t e  o f  h y d r o l y s i s  o f  G -p -N A ,  h o w e v e r ,  
t h e y  do f o r m  g a m m a -g lu ta m y l  d e r i v a t i v e s ;  t h u s  t h e y  a r e  a c c e p t o r s .  
So o n l y  L - i s o m e r s  can b eh a ve  as  a c c e p t o r s ,  h ow eve r  non a - a m in o  
compounds can  a l s o  behave as  a c c e p t o r s ,  b u t  t o  a l e s s e r  e x t e n t .
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T a b le  4 . 1 :  I n v e s t i g a t i n g  D - ,  L -  and Non a - A m in o  A c i d s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
CONTROL 100
GLY 126 +
L-ALA 190 +
D-ALA 102
a - I A B  100
L-METH 390 +
D-METH 103
(3-ALA 105 +
(3-GLU 110 +
TAUR 93 +
GABA 105 +
*  The a c t i v i t y  r a t i o  i s  t h e  r a t i o  o f  t h e  i n i t i a l  r a t e  o f  f o r m a t i o n
o f  p-NA f r o m  G-p-NA i n  t h e  p r e s e n c e  and abse nce  o f  an added
a c c e p t o r .  The c o n t r o l  has an a r b i t r a r y  v a l u e  o f  100;  i t s  s p e c i f i c
r a t e  was 1 2 .7 p m o le s  m in “ i m g - i .  TLC a n a l y s i s  o f  p r o d u c t s ,  ( + )
t r a n s p e p t i d a s e  p r o d u c t  p r e s e n t ;  ( - )  no t r a n s p e p t i d a s e  p r o d u c t
f o r m e d .
T a b l e  4 . 2  shows t h e  chan g e  i n  t h e  a c t i v i t y  r a t i o  on t h e  a d d i t i o n  
o f  m e th y l  g r o u p s  t o  t h e  a - a m in o  g r o u p .  The N - m e t h y l a t e d  g l y c i n e  
d e r i v a t i v e s ,  s a r c o s i n e  and b e t a i n e  do n o t  f o r m  g a m m a -g lu ta m y l  
d é r i v â t e s ,  w h i l e  g l y c i n e  d o e s .  P r o l i n e ,  t h e  o n l y  n a t u r a l  am ino  a c i d  
w i t h  a s e c o n d a r y  a - a m in o  g r o u p  i s  a non a c c e p t o r ,  b u t  i t  does 
s l i g h t l y  i n c r e a s e  t h e  r a t e  o f  h y d r o l y s i s  o f  G -p -NA .  P y r o g l u t a m i c  
a c i d  (PYROGLU) d i d  n o t  s t i m u l a t e  t h e  h y d r o l y s i s ,  n o r  d i d  i t  f o r m  a 
t r a n s p e p t i d a t i o n  p r o d u c t .  These  r e s u l t s  s u g g e s t  t h a t  t h e  am ino  
g r o u p  has t o  be p r i m a r y  a m in e ,  w h i c h  may have  t o  be i n  i t s  b a s i c  
f o r m  t o  a c t  as a n u c l e o p h i l e  t o  a t t a c k  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e .  T h i s  i s  s u p p o r t e d  by t h e  f i n d i n g  t h a t  o t h e r  
N - s u b s t i t u t e d  g l y c i n e  d e r i v a t i v e s  ( T a b l e  4 . 2 )  have  been shown t o  be 
non a c c e p t o r s ,  a l t h o u g h  t h e y  do s t i m u l a t e  t h e  h y d r o l y s i s  o f  G -p -N A ,  
t h i s  c a t a l y s i n g  e f f e c t  w i l l  be i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l  i n  
C h a p t e r  5.
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T a b le  4 . 2 :  I n v e s t i g a t i n g  N - S u b s t i t u t e d  Amino A c i d s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
GLY 126 +
SAR 108
BET 100
PRO 114
PYROGLU 100
N - A c e t y l - G L Y  174
N - F o r m y l - G L Y  160
N - B e n z y l - G L Y  198
*  See T a b l e  4 . 1 .
P y r o g l u t a m i c  a c i d  (PYROGLU) a l s o  known as 5 - o x o p r o l i n e ,  was s t u d i e d  
f u r t h e r  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  t h i s  c y c l i c  a m in o  a c i d ,  
w i t h  a s e c o n d a r y  am ide  l i n k a g e ,  may be a model f o r  t h e  c o v a l e n t l y  
bond g a m m a -g lu ta m y l  enzyme i n t e r m e d i a t e .  The c y c l i c  am ide  was 
i n c u b a t e d  w i t h  GGT i n  t h e  a b s e n c e  and p r e s e n c e  o f  g l y c y l g l y c i n e ,  
b u t  no h y d r o l y s i s  t o  g l u t a m i c  a c i d  o r  t r a n s p e p t i d a t i o n  p r o d u c t  was 
o b s e r v e d .
T a b l e  4 . 3 :  I n v e s t i g a t i n g  t h e  C a rb o x y  T e r m in u s  o f  t h e  Amino A c i d s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
GLY 126 +
GLY-Me 120 +
G L Y -E t  104 +
GLY-NHz 121 +
G LY-NH -E t  99 +
GLYGLY 500 +
*  See T a b l e  4 . 1 .
T a b l e  4 . 3  shows t h a t  e s t e r s  and am ides  o f  a - a m in o  a c i d s  a r e  a b l e  
t o  s t i m u l a t e  t h e  h y d r o l y s i s  o f  G -p -NA ,  as  w e l l  as  a c t  as 
a c c e p t o r s .  A m id e s ,  b o t h  p r i m a r y  and s e c o n d a r y  have  been shown t o  be 
a c c e p t o r s ,  a l t h o u g h  t h e  N - e t h y l  am ide  o f  g l y c i n e  has  a l o w e r  
a c t i v i t y  r a t i o  t h a n  t h e  c o r r e s p o n d i n g  g l y c i n a m i d e ,  t h i s  may be due 
t o  h i n d r a n c e  o f  some k i n d .  G l y c y l g l y c i n e  w h ic h  o n l y  d i f f e r s  f r o m  
g l y c i n e  e t h y l  am ide  i n  t h a t  t h e  m e th y l  g r o u p  i s  r e p l a c e d  by a 
c a r b o x y l i c  a c i d  g r o u p ,  shows a f i v e - f o l d  i n c r e a s e  a c c e p t o r
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c a p a b i l i t y  w i t h  r e s p e c t  t o  t h e  c o n t r o l .  T h i s  h i g h l i g h t s  t h e  
p r o b a b l e  i m p o r t a n c e  o f  t h e  t e r m i n a l  c a r b o x y l i c  a c i d  g r o u p  i n  
s t i m u l a t i n g  t h e  h y d r o l y s i s  o f  G -p -NA .
The a c t i v i t y  r a t i o s  o f  t h e  n e u t r a l  am ino  a c i d s  a r e  shown i n  
T a b l e  4 , 4 .  As t h e  l e n g t h  o f  t h e  s i d e  c h a i n  o f  t h e  am ino  a c i d  
i n c r e a s e s  f r o m  -H ( g l y c i n e )  t o  -C H 2 -C H 2 -C H 2 -C H 3 
( n o r l e u c i n e )  so  does  t h e  a c t i v i t y  r a t i o .  H o w eve r ,  t h i s  i s  o n l y  t r u e  
f o r  t h e  u n b ra n c h e d  am ino  a c i d s ,  b ra n c h e d  s i d e  c h a i n s  l e a d  t o  a 
d e c r e a s e  i n  a c t i v i t y  r a t i o .  The f u r t h e r  away t h e  b r a n c h i n g  i s  
f r o m  t h e  a - c a r b o n  t h e  h i g h e r  t h e  a c t i v i t y  r a t i o ,  i e :  i s o l e u c i n e
( (3 - b r a n c h e d )  has a l o w e r  a c t i v i t y  r a t i o  t h a n  l e u c i n e  
( g a m m a -b ra n c h e d ) .
T a b l e  4 . 4 :  I n v e s t i g a t i n g  t h e  B r a n c h i n g  o f  N e u t r a l  Amino A c i d s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
GLY 126 +
ALA 190 +
a —ABA 236 +
NORVAL 248 +
NORLEU 253 +
VAL 110 +
ILEU 137 +
PGLY 153 +
LEU 158 +
PME 193 +
*  See T a b le  4 . 1 .
T a b le  4 . 5 :  I n v e s t i g a t i n g P o s s i b l e  H yd rogen B o n d in g  t o  t h e  S i d
Cha i  n
Compound A c t i v i t y R a t i o *  F o r m a t i o n o f  T r a n s p e p t i d a t i o nP r o d u c t
CYS 260 +
CYS-S-Me 297 +
C Y S -S -B en z y l 350 +
METH 390 +
ETH 259 +
SER 239 +
SER-O-Me 298 +
THR 120 +
*  See T a b le  4 . 1 .
— 114—
ACCEPTORS
T a b l e  4 . 5  shows t h a t  a m ino  a c i d s  and d e r i v a t i v e s  base d  on 
c y s t e i n e  and s e r i n e  a r e  good a c c e p t o r s  o f  t h e  g a m m a -g lu ta m y l  
m o i e t y .  E x t e n d i n g  t h e  s i d e  c h a i n  by means o f  a m e th y l  g r o u p ,  
i e :  s e r i n e - O - m e t h y 1 o r  c y s t e i n e - S - m e t h y l , seems t o  en h a n c e  t h e
a c t i v i t y  r a t i o .  The am ino  a c i d s  o r  d e r i v a t i v e s  w i t h  a s i d e  c h a i n  
l o n g e r  t h a n  3 c a r b o n  bonds  a r e  a b l e  t o  b eh ave  as b e t t e r  d o n o r s ,  
t h i s  i s  t h e  same e f f e c t  as  se en  i n  T a b l e  4 . 4 ,  wh e re  t h e  i n c r e a s i n g  
u n b ra n c h e d  s i d e  c h a i n  i n c r e a s e s  t h e  a c t i v i t y  r a t i o .  T h r e o n i n e ,  a 
P - b r a n c h e d  am ino  a c i d s  has  a lo w  a c t i v i t y  r a t i o ,  s i m i l a r  t o  
t h a t  o f  v a l i n e  ( T a b l e  4 . 4 ) .
T a b l e  4 . 6 :  I n v e s t i g a t i n g  C h a rg e d  and A r o m a t i c  S i d e  C h a in s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
ASP 159 +
ASN 267 +
GLU 229 +
GLN 222 +
LYS 220 +
ARG 278 +
HIST 144 +
PHE 193 +
TYR 234 +
DOPA 225 +
TRP 215 +
>K See T a b l e  4 . 1 .
The e f f e c t  on t h e  a c t i v i t y  r a t i o  o f  t h e  c h a r g e  on t h e  s i d e  c h a i n  
i s  shown i n  T a b le  4 . 6 ,  w h e re  i t  does  n o t  a p p e a r  t o  be i m p o r t a n t .  
T h i s  i s  i l l u s t r a t e d  by t h e  f a c t  t h a t  t h e  a c t i v i t i e s  o f  a s p a r g i n e  
and a s p a r t i c  a c i d  as w e l l  as  g l u t a m i n e  and g l u t a m i c  a c i d  a r e  a l l  
c o m p a r a b l e .  O t h e r  b a s i c  a m ino  a c i d s  ( l y s i n e ,  a r g i n i n e  and 
h i s t i d i n e )  a r e  m o d e r a te  a c c e p t o r s ,  as  a r e  t h e  a r o m a t i c  am ino  a c i d s  
( p h e n y l a l a n i n e ,  t y r o s i n e ,  3 , 4 - d i h y d r o x y - p h e n y l a l a n i n e  (DOPA),  
t r y p t o p h a n ) ,  b u t  no f u r t h e r  c o n c l u s i o n s  can  be made a b o u t  them  as 
a c c e p t o r s .
115 -
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The p r e c e d i n g  i n v e s t i g a t i o n s  o f  v a r i o u s  am ino  a c i d s  and t h e i r  
d e r i v a t i v e s  a r e  now a p p l i e d  t o  d i p e p t i d e s  and t h e i r  d e r i v a t i v e s  
a c t i n g  as a c c e p t o r s  o f  t h e  g a m m a -g lu ta m y l  m o i e t y .  The a c t i v i t y  
r a t i o  o f  t h e  c o n t r o l  ( 1 0 0 )  has  a s p e c i f i c  r a t e  o f  1 2 .7 p m o le s  
m i n - i m g - i ,  w i t h  g l y c y l g l y c i n e  t h e  b e s t  known a c c e p t o r  o f  t h e  
g a m m a -g lu ta m y l  m o i e t y , s s * 94 w i t h  a s p e c i f i c  r a t e  o f  64p m o le s  
m i n - i m g - i ,  ( a c t i v i t y  r a t i o  5 0 5 ) .
T a b l e  4 . 7 :  I n v e s t i g a t i n g  D i p e p t i d e s  S i m i l a r  t o  G l y c y l g l y c i n e
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
CONTROL 100
GLYGLY 505 +
GLY—L—ALA 356 +
GLY-D-ALA 92 -
L—ALA—GLY 304 +
D-ALA-GLY 98 -
GLY-I3-ALA 186 +
(3-ALA-GLY 106 +
ALA-ALA 99 +
13-ALA-ALA 95 +
(3-ALA—(3—ALA 93 +
G L Y - a - IA B 101 -
GLY-L-PHE 129 +
GLY-D-PHE 86 —
*  See T a b l e  4 . 1 .
T a b l e  4 . 7  shows t h a t  b o t h  o f  t h e  am ino a c i d s  o f  t h e  d i p e p t i d e  
m us t  be L - i s o m e r s .  I f  e i t h e r  i s  i n  t h e  D- f o r m  o r  i s  a - m e t h y l  
s u b s t i t u t e d ,  t h e  a c t i v i t y  r a t i o  i s  d r a s t i c a l l y  r e d u c e d ,  TLC s t u d i e s  
showed t h a t  s u c h  d i p e p t i d e s  a r e  non a c c e p t o r s .  None o f  t h e  p e p t i d e s  
e x a m in e d  c o n t a i n i n g  D -a m in o  a c i d  r e s i d u e s  we re  a c t i v e ,  i n  f a c t  
t h e i r  e f f e c t  was s l i g h t l y  i n h i b i t o r y .  D i p e p t i d e s  c o n t a i n i n g  
P - a l a n i n e  w e re  f o u n d  t o  be l e s s  a c t i v e  t h a n  t h e  c o r r e s p o n d i n g  
a - a l a n i n e  d i p e p t i d e s ,  n e v e r t h e l e s s  t h e y  w e re  a c c e p t o r s .  A 
p r e f e r e n c e  f o r  g l y c y l - a m i n o  a c i d s  o v e r  a l a n y l - a m i n o  a c i d s  a t  t h e  
a c c e p t o r  s i t e  i s  c l e a r l y  shown i n  T a b le  4 . 7 .
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T a b l e  4 . 8 :  I n v e s t i g a t i n g  N - S u b s t i t u t e d  G l y c y l g l y c i n e  D e r i v a t i v e s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
GLYGLY 505 +
GLY-SAR 164 +
SAR-GLY 121 —
BET-GLY 97 —
N -A c e ty l -G L Y G L Y 101 -
N -Form y l -GLYGLY 102 —
*  See T a b le  4 . 1 .
As f o u n d  w i t h  t h e  a m in o  a c i d s  ( T a b l e  4 . 2 ) ,  t h e  r e s u l t s  f r o m  
N - s u b s t i t u t e d  d i p e p t i d e s  i n  T a b l e  4 . 8 ,  h i g h l i g h t  t h a t  t h e  am ino  
g r o u p  m us t  be u n s u b s t i t u t e d  f o r  t h e  d i p e p t i d e s  t o  be an a c c e p t o r .  
The am ide  bond h o w e v e r ,  can  be s u b s t i t u t e d  and s t i l l  be an 
a c c e p t o r ,  i e :  g l y c y l s a r c o s i n e ,  a l t h o u g h  t h e  a c t i v i t y  r a t i o  i s  
g r e a t l y  r e d u c e d .  The d i p e p t i d e  s a r c o s y l g l y c i ne s t i m u l a t e s  t h e  
h y d r o l y s i s  o f  t h e  g l u t a m y l  d o n o r ,  d e s p i t e  b e i n g  a non a c c e p t o r .  
T a b l e  4 . 9 :  I n v e s t i g a t i n g  O t h e r  D i p e p t i d e s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
GLYGLY 505 +
GLY-ALA 356 +
ALA-GLY 304 +
GLY-MET 112 +
MET-GLY 258 +
GLY-GLU 100 +
GLU-GLY 151 +
GLY-SER 122 +
SER-GLY 298 +
GLY-CYS 138 +
CYS-GLY 287 +
GLY-ASP 97 +
GLY-TYR 108 +
GLY-THR 109 +
GLY-HIS 110 +
GLY-ILEU 116 +
GLY-TRP 117 +
GLY-LEU 118 +
GLY-VAL 128 +•
GLY-PHE 129 +
GLY-ASN 131 +
GLY-LYS 132 +
GLY-PRO 155 +
*  See T a b le  4 . 1 .
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A v a r i e t y  o f  o t h e r  d i p e p t i d e s ,  a l l  o f  w h i c h  a r e  a c c e p t o r s ,  we re  
t e s t e d  and t h e i r  a c t i v i t y  r a t i o s  a r e  shown i n  T a b l e  4 . 9 .  These  show 
t h a t  t h e  a m in o a c y l  g l y c i n e  d i p e p t i d e s  have  h i g h e r  a c t i v i t y  r a t i o s  
t h a n  t h e  c o r r e s p o n d i n g  g l y c y l - a m i n o  a c i d  d i p e p t i d e s  and t h u s  a r e  
p r e f e r r e d .  The o t h e r  g l y c y l - a m i n o  a c i d s  s t u d i e d  show no d i s t i n c t  
t r e n d s ,  a l t h o u g h  t h e y  a l l  have  a c t i v i t y  r a t i o s  i n  t h e  ra n g e  9 7 - 1 5 5 .  
I t  i s  n o t e w o r t h y  t h a t  g l y c y l p r o l i n e ,  l i k e  g l y c y l s a r c o s i n e  ( T a b l e
4 . 8 )  b o t h  c o n t a i n i n g  a s e c o n d a r y  am ide  a r e  a c c e p t o r s ,  w h e re a s  
p r o l i n e  and s a r c o s i n e  a r e  n o t .
T a b le  4 . 1 0 :  I n v e s t i g a t i n g  t h e  C a rb o x y  T e r m in u s  o f  G l y c y l g l y c i n e
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
GLYGLY 505 +
GLY-GLY-NH2 299 +
GLY-GLY-Me 120 +
G LY-GLY-E t  116 +
GLY-GLY-GLY 111 +
*  See T a b l e  4 . 1 .
T a b le  4 . 1 0  shows t h a t  u n l i k e  t h e  am ino  a c i d  a c c e p t o r s  ( T a b l e  
4 , 3 )  t h e  a - c a r b o x y l  t e r m i n u s  o f  t h e  d i p e p t i d e  i s  i m p o r t a n t ,  w i t h  
r e s p e c t  t o  t h e  a c t i v i t y  r a t i o  and t h u s  i t s  b i n d i n g .  The m e t h y l  and 
e t h y l  e s t e r s  o f  g l y c y l g l y c i n e  have  a g r e a t l y  r e d u c e d  a c t i v i t y  
r a t i o ,  w h e re as  t h e  am ide  has  a h i g h e r  a c t i v i t y  r a t i o ,  a l t h o u g h  n o t  
as h i g h  as t h e  f r e e  a c i d .  The t r i p e p t i d e ,  g l y c y l g l y c y l g l y c i n e  i s  an 
a c c e p t o r ,  b u t  has a much r e d u c e d  a c t i v i t y  r a t i o .  T h u s ,  t h e
c a r b x y l i c  a c i d  f u n c t i o n  o f  g l y c y l g l y c i n e  i s  i m p o r t a n t  w i t h  r e g a r d
t o  i t s  a c c e p t o r  c a p a b i l i t y .
O t h e r  am ino  a c i d  d e r i v a t i v e s  have  been s t u d i e d ;  t h e s e  i n c l u d e
e s t e r s  w h i c h  a r e  s t u d i e d  h e r e  and N - s u b s t i t u t e d  am in o  a c i d s  w h i c h
a r e  s t u d i e d  i n  g r e a t e r  d e t a i l  i n  C h a p t e r  5 .  The e s t e r s  o f  am ino
a c i d s ,  shown i n  T a b l e  4 .1 1  a r e  a l l  a c c e p t o r s ,  e x c e p t  t h o s e  whose
c o r r e s p o n d i n g  f r e e  a c i d s  a r e  non a c c e p t o r s .  The b e s t  e s t e r
a c c e p t o r s  a r e  o f  t h o s e  am in o  a c i d s  w h ic h  have  a s i d e  c h a i n  o f  2
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c a r b o n - c a r b o n  s i n g l e  bon d s  o r  l e s s .  These  i n c l u d e ;  s e r i n e ,
c y s t e i n e ,  v a l i n e ,  a - a m in o  b u t y r i c  a c i d  and g l y c i n e .
T a b le  4 . 1 1 :  C o m p a r is o n  o f  Am ino  A c i d  E s t e r s
Compound A c t i v i t y  R a t i o *  F o r m a t i o n  o f  T r a n s p e p t i d a t i o n
P r o d u c t
GLY-Me 120 +
G LY -E t 109 +
GLY-Pr 104 +
A L A - E t 156 +
a—ABA—E t 134 +
V A L -E t 143 +
LE U-E t 123 +
I L E U - E t 154 +
SER-Me 180 +
CYS-Me 348 +
G -A L A -E t 123 +
GABA-Et 112 +
SAR—E t 102
a - A I B - E t 101 —
*  See T a b le  4 . 1 .
4 . 3 . 2  I n v e s t i g a t i n g  t h e  E f f e c t  o f  V a r i o u s  A c c e p t o r s  O v e r  
a Range o f  C o n c e n t r a t i o n s
A v a s t  c a t a l o g u e  o f  a c c e p t o r s  has been i n v e s t i g a t e d  f o r  t h e  
s t e r i c ,  s t r u c t u r a l  and e l e c t r o n i c  p r o p e r t i e s  w h ic h  a r e  n e c e s s a r y  
f o r  a compound t o  behave  as  a good a c c e p t o r  ( S e c t i o n  4 . 3 . 1 ) .  I n  
t h i s  s e c t i o n  s e v e r a l  a c c e p t o r s ,  a r e  i n v e s t i g a t e d  a t  v a r i o u s  
c o n c e n t r a t i o n s .  F i g u r e s  4 . 1  t o  4 . 8  r e p r e s e n t  t h e s e  c o n c e n t r a t i o n  
p r o f i l e s .  These  s t u d i e s  w e re  c a r r i e d  o u t  i n  PBS a t  pH 8 . 5 ,  u s i n g  
G-p-NA (3 .5mM) as d o n o r ,  g i v i n g  a s p e c i f i c  r a t e  o f  1 2 . 7 p m o le s  
m i n - i m g - i  i n  t h e  a b s e n c e  o f  an added a c c e p t o r .  The r e s u l t s  h e r e  
a r e  means o f  4 r e p l i c a t e  d e t e r m i n a t i o n s  w i t h  e r r o r s  o f  ± 5%.
F i g u r e  4 .1  shows t h e  c o n c e n t r a t i o n  p r o f i l e  o f  g l y c y l g l y c i n e ,  t h e  
b e s t  known a c c e p t o r , 93 » 94 ^  maximum b e i n g  r e a c h e d  a t  12mM, w i t h  a 
Km o f  4-5mM. A n o t h e r  good a c c e p t o r ,  g l y c y l a l a n i n e  has a s i m i l a r  
Km t o  t h a t  o f  g l y c y l g l y c i n e ,  a l t h o u g h  i t s  Vmax i s  l e s s ,  i n  
a c c o r d a n c e  w i t h  T a b le  4 . 9 .  The t r i p e p t i d e  g l y l c y 1g l y c y 1g l y c i ne has
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lo w  Km and V m a x  v a l u e s ,  h a r d l y  i n c r e a s i n g  t h e  r a t e  o f  
h y d r o l y s i s  o f  G-p-NA above  t h a t  o f  t h e  c o n t r o l .  G l y c i n e  a p o o r  
a c c e p t o r ,  has a low  Km and V m a x ,  b u t  u n l i k e  i t s  d i m e r  o r  
t r i m e r ,  behaves  as an i n h i b i t o r  above t h e  s a t u r a t i o n  p o i n t  o f  a b o u t  
0.75mM.
F i g u r e  4 . 1 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  G l y c y l  D e r i v a t i v e s
80 1
70 -
60 -
50 -
0
r4o6a 30 -
20  -
151050
GLYGLYGLY ; 
GLY
GLY-ALA
GLYGLY
GLY-SAR
[ACCEPTORl (mri)
R e s u l t s  f r o m  t h e  s t r a i g h t  c h a i n  n e u t r a l  am ino  a c i d s  a r e  d e p i c t e d  
i n  F i g u r e  4 . 2 ,  t h e y  show tw o  d i s t i n c t  g r o u p s  o f  a c c e p t o r s .  
N o r v a l i n e  and n o r l e u c i n e  a r e  m o d e ra te  a c c e p t o r s ,  h a v i n g  h i g h  Km 
v a l u e s  (6mM), t h e  s m a l l e r  am ino  a c i d s  a r e  p o o r  a c c e p t o r s  w i t h  low  
Km v a l u e s  (0 - lm M )  and show some i n h i b i t i n g  e f f e c t  abo ve  t h e i r  
s a t u r a t i o n  p o i n t s .  A l a n i n e  a p p e a r s  t o  have  a s l i g h t l y  s t r o n g e r  
i n h i b i t i n g  e f f e c t  t h a n  g l y c i n e ;  a - a m in o  b u t y r i c  a c i d  shows o n l y  
s l i g h t  i n h i b i t o r y  e f f e c t .  R e s u l t s  f r o m  t h e  o t h e r  n e u t r a l  a l i p h a t i c  
am ino  a c i d s  a r e  shown i n  F i g u r e  4 . 3 ,  w h i c h  shows t h a t  t h e
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|3“ b r a n c h e d  am ino  a c i d s  have some i n h i b i t o r y  e f f e c t .  V a l i n e  i n h i b i t s  
a t  v e r y  lo w  c o n c e n t r a t i o n ,  a l t h o u g h  i t  i s  s t i l l  an a c c e p t o r .  
I s o l e u c i n e ,  a l s o  (3 -b ran ched ,  i s  a p o o r  a c c e p t o r ,  b u t  i s  a l s o  a p o o r  
i n h i b i t o r ;  s i m i l a r  b e h a v i o u r  was o b s e r v e d  w i t h  a - a m in o  b u t y r i c  a c i d  
( F i g u r e  4 . 2 ) .  Thus ,  i s o l e u c i n e  i s  c o m p e t i n g  t o  be a p o o r  a c c e p t o r  
and a p o o r  i n h i b i t o r  and so  t h e  c o n c e n t r a t i o n  p r o f i l e  o f  i s o l e u c i n e  
h a r d l y  a l t e r s  f r o m  t h e  c o n t r o l .  L e u c in e  w h i c h  i s  gam m a-b ra nch ed ,  
b e h a v e s  as  a m o d e ra te  a c c e p t o r ,  r e a c h i n g  V m a x  a t  2-3mM and shows 
no i n h i b i t o r y  e f f e c t  a t  t h e  h i g h e r  c o n c e n t r a t i o n s  s t u d i e d .
F i g u r e  4 . 2 ;  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  S t r a i g h t  C h a in  Amino 
A c i d s
35 1
30
CO(Uf—(oe
151050
ALA
GLY
a - A B A
NORLEU
NORVAL
(ACCEPTORl (mn)
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F i g u r e  4 . 3 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  B ra n c h e d  Amino A c i d s
35 1
30 -
s8  2 0 -
coof—IoBa
0 5 10 15
-•-----  VAL
  NORLEU
H  NORVAL
-«-----  ISOLEU
  LEU
[ACCEPTORl (mn)
F i g u r e  4 . 4 :  C o n c e n t r a t i o n  P r o f i l e  o f  S e r i n e ,  C y s t e i n e
T h e i r  D e r i v a t i v e s
and
35 1
30 -
toQ>
Os
SER
CYS
THR
  CYS-S-Me
m  SER-O-ME
[ACCEPTOR! (mn)  
- 1 22 -
ACCEPTORS
F i g u r e  4 . 4  shows t h e  c o n c e n t r a t i o n  p r o f i l e  o f  v a r i o u s  s e r i n e  and 
c y s t e i n e  d e r i v a t i v e s .  C y s t e i n e  a m o d e r a te  a c c e p t o r ,  r e a c h e s  a 
V m a x  b e tw e en  3-5mM, above  t h i s  c o n c e n t r a t i o n  c y s t e i n e  shows an 
i n h i b i t o r y  e f f e c t .  On e x t e n d i n g  t h e  s i d e  c h a i n  by a m e th y l  g r o u p ,  
i e : c y s t e i n e - S - m e t h y l , t h i s  i n h i b i t i n g  e f f e c t  i s  rem oved ,  and t h e  
s u b s t r a t e  becomes a b e t t e r  a c c e p t o r .  The Km and V m a x  v a l u e s  a r e  
i n c r e a s e d  t o  v a l u e s  s i m i l a r  t o  t h o s e  o f  m e t h i o n i n e  ( F i g u r e  4 . 6 ) .  A 
s i m i l a r  t r e n d  i s  o b s e r v e d  w i t h  s e r i n e  and i t s  0 - m e t h y l  d e r i v a t i v e .  
T h r e o n i n e ,  a (3 -b ran ched  am ino  a c i d  behaves  s i m i l a r l y  t o  v a l i n e  
( F i g u r e  4 . 3 ) ,  i n  t h a t  i t  i s  a p o o r  a c c e p t o r  w i t h  a s t r o n g  
i n h i b i t i n g  e f f e c t  a t  h i g h  c o n c e n t r a t i o n .
F i g u r e  4 . 5  shows t h e  c o m p a r i s o n  be tw een  D- and L - i s o m e r s  o f  
v a r i o u s  am ino  a c i d s .  I n  a g re e m e n t  w i t h  p r e v i o u s  e x p e r i m e n t s
( 4 . 3 . 1 ) ,  D -a m in o  a c i d s  w e re  f o u n d  t o  be non a c c e p t o r s ,  b u t  d i d  n o t  
have any s i g n i f i c a n t  i n h i b i t o r y  e f f e c t  a t  h i g h  c o n c e n t r a t i o n ,  
e x c e p t  D - a l a n i n e  w h ic h  shows an i n h i b i t o r y  e f f e c t  s i m i l a r  t o  t h a t  
o f  L - a l a n i n e .  F i g u r e  4 . 6  shows t h e  c o n c e n t r a t i o n  p r o f i l e s  o f  some 
non a - a m in o  a c i d s ;  3 - a l a n i n e ,  t a u r i n e  and gamma-amino b u t y r i c  a c i d .  
They have  a s m a l l  r a t e  e n h a n c i n g  e f f e c t ,  w i t h  maximum r a t e s  b e i n g  
re a c h e d  b e tw e en  5 and lOmM. These compounds do n o t  have  any  
i n h i b i t i n g  e f f e c t  a t  h i g h  c o n c e n t r a t i o n .  F i g u r e  4 . 7  shows t h e  
r e s u l t s  w i t h  N - s u b s t i t u t e d  am ino  a c i d s ;  p r o l i n e ,  s a r c o s i n e  and 
b e t a i n e .  Such compounds have  been shown t o  be non a c c e p t o r s
( 4 . 3 . 1 ) ,  b u t  s t i m u l a t e  t h e  h y d r o l y s i s  o f  a g a m m a - g l u t a m y l - d o n o r . 
The V m a x  f o r  each  compound b e i n g  r e a c h e d  a t  be tw een  2-3mM. T h i s  
may s u g g e s t  t h a t  t h e s e  compounds b i n d  t o  a s p e c i f i c  s i t e  on t h e  
enzyme.  As p r e v i o u s l y  shown i n  F i g u r e  4 .1  g l y c i n e ,  a p o o r  a c c e p t o r ,  
shows an i n h i b i t i n g  e f f e c t  a t  h i g h  c o n c e n t r a t i o n .  I n  c o n t r a s t  
g l y c i n e  e t h y l  e s t e r ,  g l y c i n a m i d e  and N - s u b s t i t u t e d  g l y c i n e  
compounds ( F i g u r e  4 . 7 )  do n o t  have  any i n h i b i t o r y  e f f e c t  a t  h i g h
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c o n c e n t r a t i o n .
F i g u r e  4 . 5 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  L -  and D- Amino A c i d s
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F i g u r e  4 . 6 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  Non a -A m in o  A c i d s
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F i g u r e  4 . 7 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  G l y c i n e  D e r i v a t i v e s
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S e v e r a l  o t h e r  am ino  a c i d s  we re  s t u d i e d ,  b u t  we re  n o t  o f  any 
p a r t i c u l a r  i n t e r e s t ,  s i n c e  t h e y  showed no i n h i b i t i n g  e f f e c t  a t  h i g h  
c o n c e n t r a t i o n s .  P h e n y l a l a n i n e ,  e t h i o n i n e  and S - b e n z y l - c y s t e i ne w e re  
fo u n d  t o  be m o d e r a te  a c c e p t o r s ,  w h i l e  p h e n y l g l y c i n e ,  l y s i n e ,  
a s p a r t i c  a c i d  and a s p a r g i n e  we re  f o u n d  t o  be p o o r  a c c e p t o r s .  
T r y p t o p h a n ,  h i s t i d i n e  and a r g i n i n e  we re  a l s o  s t u d i e d ,  b u t  due t o  
t h e i r  lo w  s o l u b i l i t y ,  Vmax was n o t  r e a c h e d .  They w e re  p o o r  
a c c e p t o r s  o v e r  t h e  ran g e  o f  c o n c e n t r a t i o n s  s t u d i e d  (0 -1 m M ).
F i g u r e  4 . 8  shows tw o  g a m m a -g lu ta m y l  d o n o r s .  G in  and g l u t a t h i o n e .  
These p r o f i l e s  r e f l e c t  t h e  c o m p e t i t i o n  be tw e en  t h e  d o n o r  c a p a c i t y  
and t h e  a c c e p t o r  c a p a b i l i t y  o f  t h e s e  compounds,  f r o m  F i g u r e  4 . 8  i t  
i s  c l e a r  t h a t  g l u t a t h i o n e  i s  a s t r o n g e r  d o n o r  t h a n  G i n ,  t h e  l a t t e r  
b e i n g  a b e t t e r  a c c e p t o r  t h a n  g l u t a t h i o n e .  H o w ev e r ,  g l u t a t h i o n e  i s  a 
w e a k e r  d o n o r  t h a n  G -p -NA ,  b eca use  G-p-NA s t i l l  b e i n g  h y d r o l y s e d  a t  
a c o n c e n t r a t i o n  o f  3.5mM g l u t a t h i o n e ,  w h ic h  i s  t h e  c o n c e n t r a t i o n  o f
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G-p-NA p r e s e n t  i n  t h e  s o l u t i o n .  G in  behaves  as  a m o d e r a te  a c c e p t o r  
r e a c h i n g  V m a x  a t  a b o u t  3mM. A t  h i g h e r  c o n c e n t r a t i o n s  i n h i b i t i o n  
o c c u r s  as G in  b eh av es  as  a weak d o n o r ,  c o m p e t i n g  w i t h  G -p-NA ( a  
good d o n o r )  f o r  t h e  g a m m a -g lu ta m y l  d o n o r  b i n d i n g  s i t e .  Th e se  
f i n d i n g s  a r e  i n  a c c o r d a n c e  w i t h  t h e  s t u d i e s  c a r r i e d  o u t  i n  S e c t i o n  
3 . 2 . 1 .
F i g u r e  4 . 8 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  Gamma-Glu tamy l D o n o rs
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F i g u r e  4 , 9  shows t h e  c o n c e n t r a t i o n  g r a d i e n t s  o f  a f e w  a c c e p t o r s  
w he re  G in  (60mM) was t h e  g a m m a - g l u t a m y l - d o n o r  i n s t e a d  o f  G -p -N A .  
The v a r i o u s  a c c e p t o r s  have  s i m i l a r  o v e r a l l  c o n c e n t r a t i o n  g r a d i e n t s ,  
t o  t h o s e  o b s e r v e d  f o r  G -p -N A  ( F i g u r e s  4 .1  & 4 . 3 ) .  H o w ev e r ,  t h e  ' 
a c t u a l  c a t a l y s i n g  e f f e c t  o r  i n h i b i t i n g  e f f e c t  o f  t h e  i n d i v i d u a l  
a c c e p t o r s  on t h e  h y d r o l y s i s  o f  G in  a r e  a b o u t  h a l f  o f  t h o s e  
o b s e r v e d  f o r  G -p -N A .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  made 
i n  C h a p t e r  3,  where  t h e  a d d i t i o n  o f  g l y c y l g l y c i n e  o n l y  s t i m u l a t e d
— 1 26 -
th e  h y d r o l y s i s  o f  Gin 3 - f o l d .
F i g u r e  4 . 9 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  A c c e p t o r s  ( G i n  as
D o n o r )
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4 . 3 . 3  I n v e s t i g a t i n g  t h e  E f f e c t  o f  V a r i o u s  A c c e p t o r s  
O ve r  a pH Range
As shown i n  C h a p t e r  3 ,  t h e  pH o f  t h e  r e a c t i o n  i s  v i t a l  i n
d e t e r m i n i n g  t h e  r a t e  o f  h y d r o l y s i s  o f  a g a m m a -g lu ta m y l  d o n o r .  The 
enzyme a c t i v i t y  o v e r  a pH ra n g e  i n  t h e  p r e s e n c e  o f  a v a r i e t y  o f  
a c c e p t o r s  were  s t u d i e d  i n  d u p l i c a t e  (±  5%), u s i n g  G-p-NA (3 .5mM ) as 
t h e  d o n o r .  F o r  a l l  o f  t h e  a c c e p t o r s  s t u d i e d  h e r e ,  t h e  pH p r o f i l e s  
showed a c t i v i t y  be tween  pH 6 . 5  and 1 0 . 5 .  Howeve r ,  o n l y  t h e  pH
r e g i o n  7 . 0  t o  10 was shown t o  be r e v e r s i b l e ,  as d i s c u s s e d  i n
C h a p t e r  3.
T a b le  4 . 1 2 :  pH Maxima C o r r e l a t e d  w i t h  pK o f  a -A m in o  G ro u p .
A c c e p t o r pK o f  a - a m in o i4 3 pH maximum A c t i v i t y  R a t i o
None —  —  —  — 9 . 2 100
NHzOH 5.21 8 . 8 130
GLYGLY 8 . 1 3 8 . 5 505
CYS 8 . 3 5 9 .1 260
CYS-S-Me 8 . 7 5 8 . 6 297
ARG 9 . 0 4 8 . 9 278
TYR 9.11 8 . 9 234
LYS 9 . 1 2 8 . 9 220
PHE 9 . 1 3 8 . 9 193
SER 9 .1 5 9 . 2 239
GLY 9.  60 8 . 7 5 126
VAL 9 .6 2 9 . 0 110
ILEU 9 , 6 8 9 . 0 137
NORLEU 9 .7 6 8 . 9 253
NORVAL 9 . 7 8 9 . 0 248
ASP 9 .8 2 9 . 2 159
* A c t i v i t y  r a t i o s  t a k e n  f o r  S e c t i o n  4 . 3 . 1  a l s o  see T a b l e  4 .1
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The pH p r o f i l e s  f o r  s e v e r a l  a c c e p t o r s  w e re  s t u d i e d  i n  d u p l i c a t e  
w i t h  e r r o r s  ±5%. The maximum r a t e s  o f  t h e i r  pH p r o f i l e s  o b t a i n e d  
o c c u r r e d  be tween  pH 8 . 5  and pH 9 . 2  ( T a b l e  4 . 1 2 ) ,  w i t h  t h e  o v e r a l l  
p r o f i l e  t a k i n g  on a g a u s s i a n  o r  b e l l  shape  ( s e e  F i g u r e  4 . 1 0 ) ,  
c h a r a c t e r i s t i c  o f  many enzyme pH p r o f i l e s .
The b e t t e r  a c c e p t o r s  ( s e e  S e c t i o n  4 . 3 , 1 )  a p p e a r  t o  g i v e  maxima 
a t  l o w e r  pH v a l u e s  i e ;  g l y c y l g l y c i n e ,  w h i l e  t h e  p o o r  a c c e p t o r s  gave  
r a t e  maxima a ro u n d  pH 9 . 2 ,  i e : a s p a r t i c  a c i d .  T h i s  m i g h t  be 
e x p l a i n e d  by v i r t u e  o f  t h e  pK o f  t h e  a - a m in o  g r o u p s  o f  t h e  
a c c e p t o r .  As t h e  pK d e c r e a s e s  t o w a r d s  t h a t  o f  g l y c y l g l y c i n e ;  pK o f  
8 . 1 3 .  The a c t i v i t y  r a t i o  i n c r e a s e s  and t h e  pH maximum i s  s h i f t e d  
t o  l o w e r  pH. The o n l y  e x c e p t i o n  t o  t h i s  seems t o  be h y d r o x y l  a m i n e , 
a l t h o u g h  i t  has a lo w  pK f o r  i t s  am ino  g r o u p ,  i t  does  n o t  have  t h e  
s t r u c t u r a l  r e q u i r e m e n t s  ( S e c t i o n  4 . 3 . 1 )  t o  be a good a c c e p t o r .  I n  
f a c t  t h e  c a t a l y s i n g  e f f e c t  o f  NH2 OH, shown by T a t e  e t  
a l  9 8 - 1 0 0 -js s i m i l a r  t o  t h a t  o f  t h e  non a - a m in o  c a r b o x y l  i c  a c i d s ,  
i e :  p - a l a n i n e ,  GABA and t a u r i n e  ( T a b l e  4 . 1 ) .
A l t h o u g h  T a b le  4 . 1 2  does  n o t  c l e a r l y  show a r e l a t i o n s h i p  be tw e en  
pK o f  t h e  a - a m in o  g r o u p ,  t h e  pH a t  w h i c h  t h e  maximum r a t e  o c c u r s  
and t h e  a c t i v i t y  r a t i o ,  t h e  r e s u l t s  have t o  v ie w e d  i n  p a r a l l e l  
w i t h  r e s p e c t  t o  t h e  s t r u c t u r e  o f  t h e  a c c e p t o r .  F o r  e x a m p le ,  as 
shown i n  t h e  p r e v i o u s  S e c t i o n  ( 4 . 3 . 2 ) ,  c y s t e i n e ,  w h i c h  was shown 
t o  have  an i n h i b i t o r y  e f f e c t  a t  h i g h  c o n c e n t r a t i o n .  T h e r e f o r e  i t s
r a t e  o f  t r a n s p e p t i d a t i o n ,  w i l l  be l i m i t e d ,  and as a r e s u l t  t h e
o v e r a l l  r a t e ,  i n  p a r t i c u l a r  t h e  o v e r a l l  pH p r o f i l e  w i l l  be 
r e l a t i v e l y  u n a f f e c t e d .  An a l t e r n a t i v e  e x a m p le  i s  t h a t  o f
n o r l e u c i n e  o r  n o r v a l i n e ,  b o t h  good d o n o r s ,  and s h o w in g  no
i n h i b i t o r y  e f f e c t  a t  h i g h  c o n c e n t r a t i o n  ( F i g u r e  4 . 2 ) ,  b u t  t h e r e  
e f f e c t  on t h e  o v e r a l l  pH p r o f i l e ,  i s  l i m i t e d  by t h e i r  r e l a t i v e  
h i g h  pKs o f  t h e i r  a - a m in o  g r o u p .
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F i g u r e  4 . 1 0 :  A pH P r o f i l e  o f  G l y c y l g l y c i n e  a t  0 ,  5 and 25mM
C o n c e n t r a t i o n .
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pH
F i g u r e  4 . 1 0  shows t h e  enzyme a c t i v i t y  w i t h  g l y c y l g l y c i n e  a t  tw o  
d i f f e r e n t  c o n c e n t r a t i o n s , 5mM and 25mM. These  c o n c e n t r a t i o n s  a t  
Km ( h a l f  Vmax)  and a t  Vmax o f  t h e  c o n c e n t r a t i o n  p r o f i l e  
r e s p e c t i v e l y  ( F i g u r e  4 . 1 ) .  A t  t h e s e  tw o  d i f f e r e n t  c o n c e n t r a t i o n s  
t h e  pH p r o f i l e s  a r e  d i f f e r e n t ,  n o t  o n l y  i n  t h e  r e l a t i v e  r a t e s  a t  
any g i v e n  pH due t o  t h e  c o n c e n t r a t i o n  d i f f e r e n c e ,  b u t  a l s o  i n  t h e  
p o s i t i o n  o f  t h e  pH o f  t h e  r a t e  max im a.  A t  Vmax (25mM 
g l y c y l g l y c i n e )  t h e  maximum r a t e  i s  f o u n d  a t  pH 8 . 5 ,  w h i l e  a t  5mM 
g l y c y l g l y c i n e  t h e  maximum i s  s h i f t e d  t o  pH 8 . 9 .  I n  t h e  a b s e n c e  o f  
an added a c c e p t o r ,  t h e  maximum r a t e  o c c u r s  a t  pH 9 . 2 .  T h i s  
d e m o n s t r a t e s  t h a t  t h e  pH p r o f i l e  i s  d e p e n d e n t  upon t h e  
c o n c e n t r a t i o n  o f  a c c e p t o r  p r e s e n t ,  u n t i l  Vmax i s  o b t a i n e d  f o r  
t h a t  p a r t i c u l a r  a c c e p t o r .
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I t  i s  n o t e w o r t h y  t h a t  u n d e r  b a s i c  c o n d i t i o n s  pH p r o f i l e s ,
c o i n c i d e  w i t h  each  o t h e r ,  r e a c h i n g  a t o t a l  l o s s  o f  enzyme a c t i v i t y  
be tw een  pH 1 0 .5  and pH 11. H o w eve r ,  on t h e  a c i d i c  s i d e  o f  t h e  pH
maxima t h e  p l o t s  a r e  q u i t e  d i f f e r e n t  w i t h  g l y c y l g l y c i n e  h a v i n g  t h e
s t e e p e s t  g r a d i e n t  o f  a l l  o f  t h e  a c c e p t o r s .
O t h e r  g a m m a -g lu ta m y l  d o n o r s  we re  s t u d i e d  i n  t h e  a b s e n c e  and 
p r e s e n c e  o f  g l y c y l g l y c i n e  (25mM).  The g a m m a -g lu ta m y l  d o n o r  GCNA, 
shown i n  F i g u r e  4 . 1 1 ,  e x h i b i t s  pH maxima s i m i l a r  t o  t h o s e  o f
G-p -NA ,  i e :  pH max ima a t  pH 9 . 2  and pH 8 . 5  w i t h  r e s p e c t  t o  t h e
a bse nce  and p r e s e n c e  o f  g l y c y l g l y c i n e .  The s t r i k i n g  d i f f e r e n c e  
be tween  t h e  pH p r o f i l e s  o f  GCNA and G-p-NA i s  t h e  s h a l l o w e r  p r o f i l e  
o f  GCNA i n  t h e  a b s e n c e  o f  an added a c c e p t o r .  T h i s  may be due t o  t h e  
l o w e r  p e r c e n t a g e  o f  t h e  a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  t h a t  was 
o b s e r v e d  w i t h  t h e  GCNA d o n o r ,  as d i s c u s s e d  i n  C h a p t e r  3 .  The pH 
p r o f i l e  o b s e r v e d  w i t h  G in  as  d o n o r  ( F i g u r e  4 . 1 2 )  shows t h a t  t h e  pH 
p r o f i l e s  o b t a i n e d  w i t h  t h i s  d o n o r  a r e  s l i g h t l y  d i f f e r e n t  f r o m  t h o s e  
o b s e r v e d  w i t h  t h e  o t h e r  tw o  d o n o r s .  The pH maximum o b s e r v e d  i n  t h e  
p r e s e n c e  o f  g l y c y l g l y c i n e  i s  a t  pH 8 . 5 ,  w h i l e  w i t h o u t  t h i s  
a c c e p t o r ,  t h e  pH maximum was a t  7 . 9 .  G l y c y l g l y c i n e  s t i m u l a t e s  t h e  
r a t e  o f  G in  h y d r o l y s i s  by a l m o s t  3 - f o l d  a t  pH 8 . 5 ,  b u t  b e lo w  pH 
7 . 0 ,  t h e r e  i s  no s t i m u l a t i o n  o f  t h e  o v e r a l l  r a t e .  These 
o b s e r v a t i o n s  a r e  a l l  c o n s i s t e n t t  w i t h  t h e  c o m b in e d  pH p r o f i l e s  o f  
t h e  t h r e e  g a m m a -g lu ta m y l  d o n o r s  s t u d i e d  i n  C h a p t e r  3.
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As p r e v i o u s l y  s t u d i e d  i n  C h a p t e r  3,  t h e  r a t e  o f  h y d r o l y s i s  o f  
G -p -NA i n  t h e  abse nce  o f  an added a c c e p t o r ,  r e s u l t s  i n  e i t h e r  
h y d r o l y s i s  o r  a u t o t r a n s p e p t i d a t i o n . The a d d i t i o n  o f  an a c c e p t o r  
r e s u l t s  i n  t r a n s p e p t i d a t i o n  t a k i n g  p l a c e  w h ic h  s u p p r e s s e s  t h e  
a u t o t r a n s p e p t i d a t i o n  and s t i m u l a t e s  t h e  r a t e  o f  u t i l i s a t i o n  o f  a 
g a m m a -g lu ta m y l  d o n o r .  The r e a s o n s  b e h in d  t h e  s p e c i f i c  r a t e s  a t  
w h i c h  v a r i o u s  a c c e p t o r s  a c h i e v e d  t h i s  i s  t h e  s u b j e c t  o f  t h i s  
d i  s c u s s i o n .
4 . 4 . 1  S p e c i f i c i t y  o f  t h e  A c c e p t o r  B i n d i n g  S i t e
I n  a g re e m e n t  w i t h  f i n d i n g s  by s e v e r a l  o t h e r  w o r k e r s S S 'S *  
g l y c y l g l y c i n e  was f o u n d  t o  be t h e  b e s t  a c c e p t o r  o f  t h e  
g a m m a -g lu ta m y l  m o i e t y  ( T a b l e  4 . 1 ) ,  a l t h o u g h  h i g h  a c t i v i t y  was a l s o  
o b s e r v e d  w i t h  a number o f  o t h e r  d i p e p t i d e s  ( T a b l e  4 . 9 ) .  The 
q u e s t i o n  as t o  why g l y c y l g l y c i n e  i s  t h e  b e s t  a c c e p t o r  i s  a d d r e s s e d  
h e r e .  I t  i s  assumed t h a t  t h e r e  a r e  tw o  d i s t i n c t  b i n d i n g  s i t e s ,  one 
o f  w h i c h  i s  t h e  g a m m a -g lu ta m y l  s i t e  w h i c h  has  been d i s c u s s e d  i n  
C h a p t e r  3 .  The second  b i n d i n g  s i t e  i s  t h a t  o f  t h e  a c c e p t o r ,  i f  one 
assumes t h a t  t h e  g a m m a -g lu ta m y l  s i t e  and t h e  a c c e p t o r  s i t e  do n o t  
o v e r l a p  t o  any g r e a t  e x t e n t .  The shape t h e y  c o v e r  w i l l  be s i m i l a r  
t o  t h a t  o f  g l u t a t h i o n e ,  t h e  p r o b a b l e  n a t u r a l  d o n o r . s o  T h e r e f o r e  
t h e  s i z e  and shape o f  t h e  a c c e p t o r  s i t e  can  be based  on t h e  
d i p e p t i d e  c y s t e i n y 1g l y c i n e . Th u s ,  am ino  a c i d  a c c e p t o r s  may b i n d  t o  
t h e  c y s t e i n y l  s i t e  and d i p e p t i d e s  b i n d  t o  t h e  c y s t e i n y l g l y c i ne 
s i t e .  T h e r e f o r e ,  t h e  r e a s o n  t h a t  g l y c y l g l y c i n e  i s  t h e  b e s t  a c c e p t o r  
c o u l d  be t h a t  i t  c o n t a i n s  a l l  o f  t h e  s t r u c t u r a l  and e l e c t r o n i c  
r e q u i r e m e n t s  t o  b i n d  t o  t h e  d i p e p t i d e  s i t e ,  w i t h o u t  any  s i d e  c h a i n s  
t o  h i n d e r  i t s  b i n d i n g .
The r e l a t i v e  a c t i v i t y  r a t i o s  o b t a i n e d  w i t h  t h e  v a r i o u s  am ino  
a c i d s  and d e r i v a t i v e s  ( T a b l e s  4 .1  t o  4 . 6 ) ,  w i t h  G-p-NA as  a d o n o r
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showed t h a t  a w id e  r a n g e  o f  compounds can s e r v e  as  a c c e p t o r s .  T h i s  
s t u d y  has shown t h a t  t h e  a m in o  a c i d  a c c e p t o r  s i t e  i s  s t e r e o s p e c i f i c  
t o  L - i s o m e r s  ( T a b l e  4 . 1 ) .  The D- and a - m e t h y l  s u b s t i t u t e d  am ino  
a c i d s  a r e  non a c c e p t o r s ,  t h i s  i s  u n l i k e  t h e  g a m m a -g lu ta m y l  b i n d i n g  
w h i c h  was shown n o t  t o  be s t e r e o s p e c i f i c  ( C h a p t e r  3 ) .  These
f i n d i n g s  a r e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  f r o m  o t h e r  
w o r k e r s , ^ i , 9 3 , 9 4
A n o t h e r  r e q u i r e m e n t  o f  t h e  a c c e p t o r  i s  t h a t  t h e  a - a m in o  g r o u p  
m u s t  be u n s u b s t i t u t e d .  Thus  p r o l i n e ,  p y r o g l u t a m i c  a c i d ,  s a r c o s i n e ,  
b e t a i n e  and o t h e r  N - s u b s t i t u t e d  am ino  a c i d s  a r e  non a c c e p t o r s  
( T a b l e  4 . 2 ) .  I t  i s  l i k e l y  t h a t  t h e  am ino  g r o u p  m us t  be i n  t h e  base 
f o r m ,  i n  o r d e r  t o  behave  as  a n u c l e o p h i l e  i n  a t t a c k i n g  t h e
g am m a-g lu tam y 1 -enz y m e  i n t e r m e d i a t e  ( d i s c u s s e d  f u r t h e r  i n  
S e c t i o n  4 . 4 . 3
T h e re  a p p e a r s  t o  be no  a b s o l u t e  r e q u i r e m e n t  f o r  a f r e e
a - c a r b o x y l i c  a c i d  g r o u p ,  as  e s t e r s  and a m id e s ,  i n c l u d i n g  p e p t i d e s  
a r e  a c c e p t o r s  ( T a b l e  4 . 3  & 4 . 1 1 ) .  These  f i n d i n g s  a r e  i n  a g r e e m e n t  
w i t h  t h o s e  o f  o t h e r  w o r k e r s  who f o u n d  t h a t  i s o g l u t a m i n e ,
g l y c i n a m i d e  and m e t h i o n i n e  m e t h y l  e s t e r  a r e  a l l  a c c e p t o r s . s *
H o w ev e r ,  t h e  c a r b o n y l  g r o u p  o f  t h e  a - c a r b o x y l  g r o u p  i s  r e q u i r e d  f o r
t r a n s p e p t i d a t i o n  t o  o c c u r  a t  a s i g n i f i c a n t  r a t e .  W i t h o u t  an 
a - c a r b o n y l  g ro u p  t h e r e  i s  a l a r g e  r e d u c t i o n  i n  t h e  a c t i v i t y ,  as 
shown by o t h e r  w o r k e r s  w i t h  g l y c i n o l , i 5 4  a l a n i n o l ^ ^  and t a u r i n e
( T A U R ) . ? ' 8 The l a t t e r  has  been shown t o  be f o r m e d  i n  t h e  b r a i n ,
d e m o n s t r a t i n g  t h e  r o l e  o f  GGT i n  t h e  b l o o d - b r a i n - b a r r i e r . T h i s  
r a n g e  o f  non a - c a r b o n y l  a c c e p t o r s  has  now been e x t e n d e d  i n  t h i s  
w o rk  t o  i n c l u d e ,  ( 3 - a l a n i n e ,  | 3 - g l u t a m i c  a c i d  and gamma-amino b u t y r i c  
a c i d ,  a l l  o f  w h i c h  have been shown t o  be p o o r  a c c e p t o r s  ( T a b l e  
4 . 1 ) .
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The b e s t  am ino  a c i d  a c c e p t o r s ,  a r e  u n b ra n c h e d  am ino  a c i d s ,  s uch  
as m e t h i o n i n e ,  e t h i o n i n e ,  n o r v a l i n e ,  n o r l e u c i n e  and g l u t a m i n e .  As 
t h e  l e n g t h  o f  t h e  u n b ra n c h e d  s i d e  c h a i n  i n c r e a s e s  so does  t h e  
a c t i v i t y  r a t i o  ( T a b l e  4 . 4 ) .  B r a n c h i n g  o f  t h e  s i d e  c h a i n  can 
s i g n i f i c a n t l y  r e d u c e  t h e  a c t i v i t y  o f  t h e  a c c e p t o r ,  t h e  n e a r e r  t h e  
b r a n c h i n g  i s  t o  t h e  a - c a r b o n  t h e  l o w e r  t h e  a c t i v i t y  r a t i o .  The 
(3 -b ran ched  am ino  a c i d s  s u c h  a s ,  v a l i n e ,  t h r e o n i n e  and i s o l e u c i n e  
a r e  p o o r  a c c e p t o r s ,  w h i l e  t h e  gam m a-b ranched  ( l e u c i n e ) ,  and 
u n b ra n c h e d  am ino  a c i d s  a r e  m o d e r a te  a c c e p t o r s  ( T a b l e s  4 , 4  & 4 . 5 ) .
S i m i l a r  r e s u l t s  have  been o b t a i n e d  by s e v e r a l  w o r k e r s , i s 4  b u t  
t h e i r  c o n c l u s i o n s  have  n o t  f o c u s s e d  on t h i s  a s p e c t .
As w i t h  t h e  a m in o  a c i d  a c c e p t o r s ,  t h e  d i p e p t i d e s  c o n t a i n i n g  
a - m e t h y l  s u b s t i t u t e d  o r  D -a m in o  a c i d s  a r e  non a c c e p t o r s  ( T a b l e  
4 . 7 ) .  T h i s  c o n f i r m s  o t h e r  w o r k e r s ^ ^ ,  i s 2 ^vbo s u g g e s te d  t h a t  t h e  
o r i e n t a t i o n  o f  t h e  D- and a - m e t h y l  s u b s t i t u t e d  am ino  a c i d s  o r  
d i p e p t i d e s  p r o b a b l y  p r e v e n t s  c o r r e c t  b i n d i n g  t o  t h e  s t e r e o s p e c i f i c  
a c c e p t o r  s i t e .  Thus t h e y  a r e  u n a b le  t o  a t t a c k  t h e  g a m m a -g lu ta m y l  
enzyme,  a l t h o u g h  a b l e  t o  cause  i n h i b i t i o n  by i n c o r r e c t  
b i n d i n g / i n t e r a c t i o n  w i t h  t h e  a c t i v e  s i t e .
The d i p e p t i d e s  based  on g l y c y l g l y c i n e  t h a t  a r e  N - s u b s t i t u t e d  a r e  
a l s o  non a c c e p t o r s  ( T a b l e  4 . 8 ) .  As w i t h  t h e  am ino  a c i d s ,  t h e  f r e e  
base  i s  p r o b a b l y  r e q u i r e d  t o  a c t  as a n u c l e o p h i l e  i n  o r d e r  t o  
a t t a c k  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  H o w e ve r ,
g l y c y l s a r c o s i n e  and g l y c y l p r o l i n e  a r e  a c c e p t o r s ,  u n l i k e  t h e i r  
c o r r e s p o n d i n g  f r e e  a m in o  a c i d s  ( T a b l e s  4 . 7  & 4 . 8 ) ;  t h i s  i s
c o n s i s t e n t  w i t h  t h e  w o rk  o f  Thompson e t  a l . s *
The p r e s e n t  s t u d i e s  i n d i c a t e  t h a t  t h e  a c c e p t o r  s i t e  o f  GGT 
p r e f e r s  t h e  a m i n o a c y l - g l y c i n e  d i p e p t i d e s  r a t h e r  t h a n  t h e  
g l y c y l - a m i n o  a c i d s  by v i r t u e  o f  t h e i r  h i g h e r  a c t i v i t y  r a t i o s  ( T a b l e
4 . 9 ) .  These  r e s u l t s  a r e  c o n f i r m e d  by o t h e r  w o r k e r s s i ' 9 4  who f o u n d
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t h a t  t h e  b e s t  d i p e p t i d e  a c c e p t o r s  i n c l u d e d ,  M e t - G l y ,  G l n - G l y ,  
A l a - G l y ,  S e r - G l y ,  G l y - G l y  and C y s - G l y .  I n  t h i s  s t u d y  as  w i t h  
o t h e r s ® 8 , 9 4 ^  i t  i s  assumed t h a t  t h e s e  s u b s t r a t e s  b i n d  t o  t h e  
c y s t e i n y l g l y c i ne d i p e p t i d e  b i n d i n g  s i t e .  The s p e c i f i c i t y  can  be 
e x p l a i n e d  by t h e  c y s t e i n y l  b i n d i n g  s i t e  b e i n g  a b l e  t o  accommodate  
b u l k y  s i d e  c h a i n s .  I n  c o n t r a s t  t h e  g l y c i n e  b i n d i n g  p o c k e t  i s  u n a b l e  
t o  accommodate  b u l k y  s i d e  c h a i n s  and as a r e s u l t  d i p e p t i d e s  w i t h  
b r a n c h e d  s i d e  c h a i n s  a t  t h e  c a r b o x y  t e r m i n u s  a r e  u n a b le  t o  f i t  i n t o  
i t .  These  b u l k y  a c c e p t o r s  can  o n l y  b i n d  t o  t h e  c y s t e i n y l  b i n d i n g  
s i t e ,  v i a  t h e  a - a m in o  g r o u p  and a - c a r b o n y l  g r o u p  o f  t h e  am ide  bon d ,  
w h i l e  t h e  r e m a in d e r  o f  t h e  a c c e p t o r  p r o t r u d e s  o u t ,  w h e re  t h e  
c y s t e i n y l  s i d e  c h a i n  o f  g l u t a t h i o n e  o r  i t s  S - d e r i v a t i v e s  w o u ld  be 
( T a b l e  3 . 1 ) .  S i m i l a r l y ,  t h e  t r i p e p t i d e  a c c e p t o r ,
g l y c y l g l y c y l g l y c i n e  ( T a b l e  4 . 1 0 )  w h i c h  i s  t o o  b i g  f o r  t h e  
c y s t e i n y l g l y c i ne d i p e p t i d e  b i n d i n g  s i t e ,  b i n d s  t o  t h e  c y s t e i n y l  
s i t e  and p r o t r u d e s  o u t .  T a t e  and M e is t e r ® ^  f o u n d  t h a t  
t e t r a g l y c i n e  was i n a c t i v e ,  w h e t h e r  i t  was an a c c e p t o r  o r  n o t  i s  
unknown.  T h i s  i n t e r a c t i o n  b e tw e en  l a r g e  and b u l k y  a c c e p t o r s  and t h e  
c y s t e i n y l  b i n d i n g  s i t e ,  i s  p r o b a b l y  t h e  i n t e r a c t i o n  by w h i c h  
g a m m a -g lu ta m y l  d o n o r s  b e h a v in g  as a c c e p t o r s  u n d e r g o
a u t o t r a n s p e p t i d a t i o n  ( C h a p t e r  3 ) .
I n  t h i s  s t u d y  t h e  m e th y l  and e t h y l  e s t e r s  o f  g l y c y l g l y c i n e  have 
been shown t o  have r e l a t i v e l y  lo w  a c t i v i t y  r a t i o s  com pared  w i t h  t h e  
f r e e  a c i d  ( T a b l e  4 . 1 0 ) ,  s u g g e s t i n g  t h a t  t h e  a c i d  f u n c t i o n  i s  
i m p o r t a n t  t o  t h e  a c c e p t o r s  b i n d i n g .  These e s t e r s  a r e  p r o b a b l y  t o o  
l a r g e  t o  f i t  i n t o  t h e  d i p e p t i d e  b i n d i n g  s i t e ,  and p r o b a b l y  b i n d  i n  
a manner  s i m i l a r  t o  t h a t  o f  g l y c y l g l y c y l g l y c i n e .  G l y c y l g l y c i n a m i d e  
has  a v e r y  s i m i l a r  s t r u c t u r e  t o  t h a t  o f  t h e  f r e e  a c i d ,  and i s  a b l e  
t o  f i t  i n t o  t h e  c y s t e i n y l g l y c i ne s i t e ,  b u t  t h e  a c t i v i t y  r a t i o  i s  
s i g n i f i c a n t l y  l o w e r .  The o n l y  d i f f e r e n c e  b e tw e en  t h e  am ide  and t h e
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f r e e  a c i d  i s  t h e  e l e c t r o n i c  p r o p e r t i e s  a t  t h e  c a r b o x y  t e r m i n u s ,  so  
p e r h a p s  t h e s e  a r e  i m p o r t a n t  as w i t h  t h e  g a m m a -g lu ta m y l  d o n o r s  
( C h a p t e r  3 ) .  C e r t a i n  d o n o r s ,  (G -p -N A ,  g l u t a t h i o n e  and 
g a m m a - g lu t a m y l - p - a m i n o  b e n z o i c  a c i d )  w e re  f o u n d  t o  have  e n h anc ed  
h y d r o l y s i s  r a t e s  as t h e y  w e re  a b l e  t o  i n t e r a c t  w e l l  w i t h  t h i s  
s p e c i f i c  b i n d i n g  s i t e ,  w h i l e  o t h e r s  ( g a m m a - g l u t a m y l - p - c y a n o a n i 1i d e )  
w e re  u n a b le  t o  i n t e r a c t  w i t h  t h i s  s i t e  and t h u s ,  d i d  n o t  h a v e  an 
e nhanced  h y d r o l y s i s  r a t e .
An o v e r v i e w ,  shows t h a t  t h e  r a t e  o f  u t i l i s a t i o n  o f  G -p -NA i s  
r e f l e c t e d  i n  t h e  c a p a b i l i t y  o f  t h e  a c c e p t o r  t o  a t t a c k  t h e  
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e , t o  f o r m  a g a m m a -g lu ta m y l  
a c c e p t o r .  As t h i s  r a t e  i n c r e a s e s  and d e c r e a s e s  d e p e n d in g  upon t h e  
a c c e p t o r ,  i t  i s  t h i s  s e c o n d  s t a g e  o f  t h e  p i n g - p o n g  m echan ism  w h i c h  
i s  t h e  r a t e  l i m i t i n g  s t e p  o f  t h e  r e a c t i o n .
4 . 4 . 2  The E f f e c t  o f  A c c e p t o r  C o n c e n t r a t i o n  on t h e  R a te
T h i s  s t u d y  i s  t h e  f i r s t  t o  i n v e s t i g a t e  i n  d e t a i l  t h e  
c o n s e q u e n c e s  o f  u s i n g  v a r i o u s  c o n c e n t r a t i o n s  o f  a c c e p t o r s .  From t h e  
r e s u l t s  ( S e c t i o n  4 . 3 . 2 )  tw o  c l a s s e s  o f  a c c e p t o r  can be d e f i n e d .  
F i r s t l y  t h o s e  a c c e p t o r s  w h i c h  b i n d  t o  a s i t e ,  r e a c h i n g  a s a t u r a t i o n  
( Vma x ) ,  above  w h ic h  t h e  e x c e s s  a c c e p t o r  has  no e f f e c t  on t h e  
r a t e .  The s e c o n d  c l a s s  o f  a c c e p t o r  r e a c h e s  Vmax,  i n d i c a t i n g  
s a t u r a t i o n  o f  t h e  a c c e p t o r  s i t e ,  b u t  a f u r t h e r  i n c r e a s e  i n  
c o n c e n t r a t i o n  r e s u l t s  i n  a f a l l  i n  t h e  r a t e  o f  u t i l i s a t i o n  o f  t h e  
d o n o r .
T h e re  may be tw o  p o s s i b l e  r e a s o n s  why c e r t a i n  am ino  a c i d s  a r e  
a b l e  t o  i n h i b i t  t h e  r a t e  o f  u t i l i s a t i o n  o f  t h e  g a m m a -g lu ta m y l  
d o n o r .  F i r s t l y  am ino  a c i d s  may be b i n d i n g  t o  t h e  c y s t e i n y l  s i t e  o f  
t h e  f r e e  enzyme ( n o t  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e ) ,  t h u s  
p r e v e n t i n g  t h e  b i n d i n g  and s u b s e q u e n t  h y d r o l y s i s  o f  an i n c o m i n g  
g a m m a -g lu ta m y l  d o n o r .  H o w ev e r ,  i f  t h i s  i s  s o ,  one m i g h t  e x p e c t  a l l
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am ino  a c i d s  t o  i n h i b i t  t o  some e x t e n t ,  as t h e y  a r e  a l l  c a p a b l e  o f  
b i n d i n g  t o  t h i s  a c c e p t o r  s i t e .  The secon d  p o s s i b i l i t y  i s  t h a t  
c e r t a i n  am ino  a c i d s  a r e  c o m p e t i n g  w i t h  t h e  g a m m a -g lu ta m y l  d o n o r  t o  
b i n d  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .  H o w ev e r ,  o n l y  t h o s e  am ino  
a c i d s  w h ic h  a r e  s m a l l  enough  t o  f i t  i n t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  
p o c k e t  p o s s e s s  any  i n h i b i t o r y  e f f e c t .  These  i n c l u d e ,  g l y c i n e ,  
a l a n i n e ,  a - a m in o  b u t y r i c  a c i d ,  v a l i n e ,  i s o l e u c i n e ,  s e r i n e ,  
t h r e o n i n e  and c y s t e i n e .
T h i s  s t r u c t u r a l  r e q u i r e m e n t ,  t h a t  t h e  s i d e  c h a i n  m us t  n o t  be
l o n g e r  t h a n  tw o  c a r b o n s  a tom s i s  e x e m p l i f i e d  by t h e  f o l l o w i n g :
a - a m in o  b u t y r i c  a c i d  i s  a b l e  t o  b i n d  t o  t h e  d o n o r  s i t e  and t h u s
i n h i b i t .  N o r v a l i n e ,  one m e t h y l e n e  g ro u p  l o n g e r  i s  t o o  l a r g e  and
u n a b le  t o  b i n d  t o  t h e  d o n o r  s i t e  and t h u s  i s  u n a b le  t o  i n h i b i t .
T h i s  s i z e  e x c l u s i o n  i s  d e m o n s t r a t e d  s e v e r a l  t i m e s  i n  T a b l e  4 . 1 3 .
The re a s o n  f o r  t h e  s i z e  r e s t r i c t i o n  may be due t o  t h e  s i d e  c h a i n
i n t e r f e r i n g  w i t h  t h e  a r e a  o f  t h e  b i n d i n g  s i t e ,  w h e re  n u c l e o p h i l i c
a t t a c k  o c c u r s  t o  c l e a v e  t h e  g a m m a -g lu ta m y l  d o n o r  am ide  bond .
T a b le  4 . 1 3 :  D e m o n s t r a t i n g  S i z e  E x c l u s i o n  o f  Amino A c i d s  B i n d i n g
t o  t h e  Gamma-Glu tamy l B i n d i n g  S i t e .
A c c e p t o r B in d  t o  Gamma-Glu tamy l S i t e  S t r u c t u r e  (R ) *
G L Y Y E S H
G L Y - E t NO H
GLY-NH2 NO H
S A R NO H
B E T N O H
L —A L A Y E S CHs
D - A L A Y E S C H s
a —A B A Y E S C H 2 - C H 3
T H R Y E S C H ( 0 H ) - C H 3
V A L Y E S C H ( C H 3 ) - C H 3
N O R V A L N O C H 2 - C H 2 - C H 3
I L E U NO C H ( C H 3 ) - C H 2 - C H 3
L E U NO C H 2 - C H ( C H 3 ) - C H 3
N O R L E U NO CH2 —C H 2 —CH 2 —CH 3
S E R Y E S CH2 —OH
S E R - O - M e NO C H 2 - O - C H 3
C Y S Y E S C H 2 - S H
C Y S - S - M e NO C H 2 - S - C H 3
♦ s t r u c t u r e  o f  S i d e  C h a in  ( R ) :  NH2 -CH-CO2 H
R
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O t h e r  s t r u c t u r a l  r e q u i r e m e n t s  o f  t h e  i n h i b i t i n g  am ino  a c i d s ,  
w h i c h  f o r m  t h e s e  n o n - p r o d u c t i v e  c o m p le x e s  ( a s  h i g h l i g h t e d  i n  T a b l e  
4 . 1 3 ) ,  a r e  t h e  same as t h o s e  o f  t h e  g a m m a -g lu ta m y l  d o n o r s .  T h a t  i s ,  
no s t e r e o s p e c i f i c i t y , as  shown by D - , L -  and a - m e t h y l  a l a n i n e  
( a - I A B )  ( F i g u r e s  4 . 2  & 4 . 6 ) .  T h e re  m us t  be a f r e e  a - a m in o  and
a - c a r b o x y l i c  a c i d  g r o u p  as  shown by t h e  i n h i b i t i n g  e f f e c t  o f  
g l y c i n e ,  w h ic h  i s  n o t  shown by g l y c i n e  e t h y l  e s t e r ,  g l y c i n a m i d e  
and v a r i o u s  N - s u b s t i t u t e d  a m ino  a c i d s .  These  show no i n h i b i t a r y  
e f f e c t ,  even a t  h i g h  c o n c e n t r a t i o n  ( F i g u r e  4 . 7 ) .
The h y p o t h e s i s  t h a t  t h e s e  s m a l l  am ino  a c i d s  i n h i b i t  a t  h i g h  
c o n c e n t r a t i o n  by c o m p e t i n g  w i t h  t h e  d o n o r  g a i n  s u p p o r t  f r o m  t h e  
f o l l o w i n g  s t u d i e s  by o t h e r  w o r k e r s .  K a r k w o s k y ^ ^ a  and 
M c I n t y r e ' ' ®  4 showed t h a t  L - a l a n i n e  c o m p e t i t i v e l y  i n h i b i t s  t h e  
h y d r o l y s i s  o f  g l u t a t h i o n e .  They a l s o  showed t h a t  t h e  c o m p e t i t i v e  
i n h i b i t i o n  by D - a l a n i n e  a non a c c e p t o r ,  i s  n o t  due t o  a c o m p e t i n g  
t r a n s p e p t i d a t i o n  r e a c t i o n .  They s u g g e s te d  t h a t  t h e  i n h i b i t i o n  by 
L - a m in o  a c i d s  i s  n o t  r e l a t e d  t o  g a m m a - g lu t a m y l - a m i  no a c i d  
f o r m a t i o n .  I n h i b i t i o n  by a m in o  a c i d s  m u s t ,  t h e r e f o r e ,  be due t o  t h e  
f o r m a t i o n  o f  n o n - p r o d u c t i v e  c o m p le x e s  w h ic h  i n h i b i t s  b o t h  t h e  
t r a n s p e p t i d a t i o n  and h y d r o l y t i c  r e a c t i o n .  G l y c i n e  has a l s o  been 
shown t o  c o m p e t i t i v e l y  i n h i b i t  t h e  b i n d i n g  o f  a g a m m a -g lu ta m y l  
d o n o r . 104 G l y c y l - a m i n o  a c i d s  we re  f o u n d  n o t  t o  be i n h i b i t o r s , ® ®
T h i s  i s  f u r t h e r  e v i d e n c e  t h a t  t h e y  a r e  u n a b l e  t o  b i n d  t o  t h e  f u l l  
c y s t e i n y l g l y c i n e  b i n d i n g  s i t e ,  o n l y  m anag ing  t o  b i n d  t o  t h e  
c y s t e i n y l  s i t e .  H o w eve r ,  t h e  r e s u l t s  c a r r i e d  o u t  i n  t h i s  s t u d y  
c l e a r l y  show t h a t  many o t h e r  am ino  a c i d s  a r e  a b l e  t o  i n h i b i t  t h e  
enzyme by b i n d i n g  t o  t h e  g a m m a -g lu ta m y l  s i t e .
The r a t e  o f  u t i l i s a t i o n  o f  g l u t a m i n e  as  a g a m m a -g lu ta m y l  d o n o r  
i s  m o d u la t e d  by a number  o f  am ino  a c i d s  a t  v a r i o u s  c o n c e n t r a t i o n s  
and t h i s  i s  r e f l e c t e d  by t h e  r a t e  o f  f o r m a t i o n  o f  ammonia ( F i g u r e
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4 . 9 ) .  The r e l a t i v e  o r d e r  o f  t h e s e  c o n c e n t r a t i o n  p r o f i l e s  o f  t h e  
a c c e p t o r s  s t u d i e d  was t h e  same r e g a r d l e s s  o f  g a m m a -g lu ta m y l  d o n o r ,  
i e :  G-p-NA o r  G in .  These f i n d i n g s  a r e  c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  
o f  a g a m m a -g lu ta m y l  enzyme i n t e r m e d i a t e .  An i d e n t i c a l  i n t e r m e d i a t e  
w o u ld  be e x p e c t e d  t o  be f o r m e d  f r o m  a l l  L - g a m m a - g lu t a m y l  d o n o r s  and 
i t s  s t r u c t u r e  w o u ld  be i n d e p e n d e n t  o f  t h e  d o n o r  m o i e t y  o f  t h e  
ga m m a -g lu ta m y l  d o n o r .  T h i s  i s  i n  a c c o r d a n c e  w i t h  t h e  c o n c l u s i o n s  
o f  C h a p t e r  3.
4 . 4 . 3  The E f f e c t  o f  pH on t h e  R a te
As shown i n  C h a p t e r  3 ,  t h e  pH p r o f i l e s  o f  t h e  enzyme a c t i v i t y ,  
c o n s i s t  o f  t h e  pH p r o f i l e s  o f  t h e  i n d i v i d u a l  r e a c t i o n s ,  
h y d r o l y s i s ,  t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n . I n  t h i s  
C h a p t e r ,  v a r i o u s  a c c e p t o r s  we re  used t o  i n v e s t i g a t e  t h e  e f f e c t  
t h e s e  w o u ld  have on t h e  o v e r a l l  pH p r o f i l e .  H o w eve r ,  i t  i s  l i k e l y  
t h a t  t h e y  w i l l  m a i n l y  a f f e c t  t h e  pH p o s i t i o n  o f  t h e  r a t e  maximum o f  
t h e  t r a n s p e p t i d a t i o n  r e a c t i o n .  S e v e r a l  o b s e r v a t i o n s  can  be made 
a b o u t  t h e  pH p r o f i l e s .  I n  p a r t i c u l a r  t h e  c h a r a c t e r i s t i c  b e l l  shape  
o f  t h e  p r o f i l e s  may be a t t r i b u t e d  t o  t h e  f o l l o w i n g .
The a c i d i c  s i d e  o f  t h e  r a t e  maxima r e f l e c t s  i n  some way t h e  
r e l a t i v e  b a s i c i t i e s  o f  t h e  a - a m in o  g r o u p  o f  t h e  a c c e p t o r  ( T a b l e
4 . 1 2 ) .  T h i s  i n d i c a t e s  t h a t  i t  i s  t h e  NHz base  f o r m  o f  t h e s e  
compounds w h ic h  p a r t i c i p a t e s  i n  t h e  r e a c t i o n ,  i e :  a t t a c k s  t h e
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  F o r  e x a m p le  t h e  pK o f  t h e  am ino  
g r o u p  o f  g l y c y l g l y c i n e  i s  8 . 1 3 ,  w h e re as  f o r  m os t  am ino  a c i d s  t h e  
pKa v a l u e s  l i e  be tw een  9 .1  and 9 . 8 .  Thus ,  t h e  a p p a r e n t  p r e f e r e n c e  
f o r  g l y c y l g l y c i n e  as an a c c e p t o r  may be due t o  t h e  e f f e c t i v e l y  
h i g h e r  c o n c e n t r a t i o n s  o f  a-NHz a c c e p t o r  p r e s e n t  a t  pH 8 . 5  as 
com pared  t o  am ino  a c i d s  such  as m e t h i o n i n e .  U s in g  t h e  
H e n d e r s o n - H a s s e lb a c h  e q u a t i o n , i s s  one can c a l c u l a t e  t h a t  a t  pH
8 . 5 ,  70% o f  t h e  g l y c y l g l y c i n e  p r e s e n t  i s  i n  t h e  NHz f o r m ,  w h i l e
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o n l y  16% o f  t h e  m e t h i o n i n e  p r e s e n t  i s  i n  t h i s  f o r m .
H o w eve r ,  above  t h e  pH maxima ( b a s i c  s i d e ) ,  t h e  p e r c e n t a g e  o f  
f r e e  am ino  base  i n c r e a s e s  f u r t h e r ,  b u t  t h e  r a t e  s t a r t s  t o  d e c r e a s e .  
T h i s  f a l l  i n  t h e  r a t e  i s  common t o  a l l  a c c e p t o r s  f o r  a g i v e n  
ga m m a -g lu ta m y l  d o n o r ,  w h i c h  s u g g e s t s  t h a t  i t  i s  i n d e p e n d e n t  o f  t h e  
a c c e p t o r .  T h i s  may due t o  one o f  t h e  f o l l o w i n g  e x p l a n a t i o n s :
d e p r o t o n a t i o n  o f  a b i n d i n g  s i t e  on t h e  enzym e,  p r e v e n t i n g  t h e
b i n d i n g  o f  e i t h e r  a g a m m a -g lu ta m y l  d o n o r  o r  an a c c e p t o r ;
a l t e r n a t i v e l y ,  d e p r o t o n a t i o n  o f  t h e  g a m m a -g lu ta m y l  d o n o r ,  
p r e v e n t i n g  i t  f r o m  b i n d i n g .  The l a t t e r  e x p l a n a t i o n  may have  
s u p p o r t i n g  i n d i r e c t  e v i d e n c e  f r o m  many w o r k e r s ^ , i 9 7 - 2 0 0  who
have  shown t h a t  t h e  p o s i t i o n s  o f  t h e  d e s c e n d i n g  l i m b s  o f  pH 
p r o f i l e s  o f  v a r i o u s  g a m m a -g lu ta m y l  d o n o r s  a r e  d i f f e r e n t ,  as w i t h  
t h i s  w o rk  w i t h  r e s p e c t  t o  G-p-NA and G in  ( F i g u r e s  4 . 1 0  & 4 . 1 2 ) .
These e x p l a n a t i o n s  o f  t h e  pH p r o f i l e  s u p p o r t  t h o s e  a d va nced  by 
o t h e r  w o r k e r s , ^ 3 4 , 1 9 a who p r e s e n t e d  e v i d e n c e  t h a t  i t  i s  t h e  
u n c h a r g e d  NHz f o r m  o f  an am ino  a c i d  o r  p e p t i d e  w h ic h  t a k e s  p a r t  
i n  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n s .  Some c o r r e l a t i o n  be tw e en  t h e  
r e a c t i v i t y  and t h e  pK v a l u e s  o f  compounds m i g h t  t h e r e f o r e  be 
e x p e c t e d ,  e s p e c i a l l y  when t h e  pH o f  t h e  r e a c t i o n  m i x t u r e  i s  n e a r  
8 . 7  and t h e  pK v a l u e s  o f  t h e  compounds ra n g e  f r o m  8 .1  t o  9 . 8 .  
H o w eve r ,  t h e y  w e re  u n a b le  t o  show any  s i m p l e  r e l a t i o n s h i p  o f  t h i s  
s o r t .
The s t u d i e s  i n  t h i s  c h a p t e r  l e a d  t o  t h e  c o n c l u s i o n  t h a t  no s i m p l e  
r e l a t i o n s h i p  t o  d e t e r m i n e  t h e  a c c e p t o r  c a p a b i l i t y  can be f o u n d ,  
beca use  tw o  i m p o r t a n t  f a c t o r s  i n f l u e n c e  t h i s  c a p a b i l i t y .  The f i r s t ,  
i s  t h a t  t h e  pK o f  t h e  a - a m in o  g r o u p  ( S e c t i o n  4 . 3 . 3 ) ,  w h i c h  
d e t e r m i n e s  t h e  amount  o f  f r e e  base a c c e p t o r  t h e r e  i s ,  i m p o r t a n t  f o r  
t h e  a t t a c k  o f  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  The seco n d  
i m p o r t a n t  f a c t o r  i s  t h e  s t r u c t u r e  o f  t h e  a c c e p t o r ,  i n  r e l a t i o n  t o
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i t s  a b i l i t y  t o  b i n d  t o  t h e  v a r i o u s  s p e c i f i c  b i n d i n g  s i t e s .  I n  o t h e r  
w o r d s ,  w h e t h e r  an a c c e p t o r  o n l y  b i n d s  t o  t h e  c y s t e i n y l g l y c i n e  s i t e ,  
o r  w h e t h e r t  i t  b i n d s  b o t h  t o  t h i s  s i t e  and t h e  g a m m a -g lu ta m y l  
b i n d i n g  s i t e .
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4 . 5  3 U M M / V R ^ r
1) The g a m m a -g lu ta m y l  and t h e  a c c e p t o r  ( c y s t e i n y l g l y c i n e )  b i n d i n g  
s i t e s  a r e  tw o  d i s t i n c t  b i n d i n g  s i t e s .  The am ino  a c i d  a c c e p t o r s  
b i n d  t o  t h e  c y s t e i n y l  s i t e ,  w h i l e  d i p e p t i d e  a c c e p t o r s  b i n d  t o  t h e  
c y s t e i n y l g l y c i n e  s i t e .
2 )  The a c c e p t o r  s i t e  i s  s t e r e o s p e c i f i c .  L - I s o m e r s  a r e  a c c e p t o r s ,  
w h i l e  D- and a - m e t h y l  s u b s t i t u t e d  am ino  a c i d s  a r e  non a c c e p t o r s .
3 )  An u n s u b s t i t u t e d  a - a m in o  g r o u p  i n  t h e  base f o r m  i s  r e q u i r e d  by 
t h e  a c c e p t o r  f o r  i t  t o  a t t a c k  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e  and f o r  t r a n s p e p t i d a t i o n  t o  o c c u r .
4 )  An a - c a r b o x y l i c  a c i d  g r o u p  i s  n o t  r e q u i r e d  by an am ino  a c i d  
a c c e p t o r ,  b u t  an a - c a r b o n y l  g r o u p  i s .  I f  t h i s  i s  a b s e n t  
t r a n s p e p t i d a t i o n  can s t i l l  t a k e  p l a c e ,  b u t  a t  a g r e a t l y  r e d u c e d  
r a t e ,
5 )  The a c c e p t o r  c a p a b i l i t y  o f  u n b ra n c h e d  am ino  a c i d s  i n c r e a s e s  as 
t h e  s i d e  c h a i n  i n c r e a s e s  i n  l e n g t h .
6 )  B r a n c h i n g  o f  t h e  s i d e  c h a i n  c a u s e s  a d e c r e a s e  i n  t h e  a c c e p t o r  
c a p a b i l i t y  o f  t h e  am ino  a c i d .  The n e a r e r  t h e  b r a n c h i n g  i s  t o  t h e  
a - c a r b o n  t h e  l o w e r  t h e  a c t i v i t y .  ^ - B r a n c h e d  am ino  a c i d s  a r e  p o o r  
a c c e p t o r s ,  w h i l e  gam m a-b ranched and h i g h e r  a r e  m o d e r a t e  a c c e p t o r s .
7) C e r t a i n  am ino  a c i d s  a r e  a b l e  t o  c o m p e t i t i v e l y  i n h i b i t  w i t h  
r e s p e c t  t o  t h e  g a m m a -g lu ta m y l  d o n o r  and i t s  b i n d i n g  s i t e .  These  
i n h i b i t i n g  am ino  a c i d s  p o s s e s s  t h e  same s p e c i f i c i t i e s  as t h e  
g a m m a -g lu ta m y l  d o n o r s  ( C h a p t e r  3 ) .  N o t  s t e r e o s p e c i f i c , m u s t  c o n t a i n  
b o t h  an a - a m in o  and an a - c a r b o x y l i c  a c i d  g r o u p .  A n o t h e r  
i m p o r t a n t  f a c t o r  i s  t h e  l e n g t h  o f  t h e  am ino  a c i d  s i d e  c h a i n ,  
i t  m u s t  be e q u i v a l e n t  t o  2 c a r b o n  bond l e n g t h s  o r  l e s s  i n o r d e r  t o  
b i n d  t o  t h e  g a m m a -g lu ta m y l  s i t e .
8 )  D i p e p t i d e  a c c e p t o r s  have  s i m i l a r  r e q u i r e m e n t s  as am ino  
a c i d s ,  i e :  s t e r e o s p e c i f i c  as ( 2 )  a bo v e ,  r e q u i r e  an a - a m in o
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g r o u p  and an a - c a r b o n y l  as  ( 3 )  & ( 4 )  abo ve .  H o w ev e r ,  t h e  p r e s e n c e  
o f  t h e  a - c a r b o x y l i c  a c i d  f u n c t i o n a l  g r o u p  c a u s e s  an e n h anc ed  r a t e  
o f  h y d r o l y s i s .
9 )  A p r e f e r e n c e  f o r  a m i n o a c y l - g l y c i n e  i s  a l s o  shown,  as  t h i s  m im ic s  
t h e  c y s t e i n y l g l y c i n e  b i n d i n g  s i t e  s h a p e .  I n t e r a c t i o n  a t  t h e  c a r b o x y  
t e r m i n u s  o f  t h e  d i p e p t i d e  w i t h  a s p e c i f i c  b i n d i n g  s i t e  on t h e  
enzyme c a u s e s  a r a t e  e n h a n c e m e n t .
10)  The a c c e p t o r  c a p a b i l i t y  o f  an a c c e p t o r  i s  g o v e r n e d  by tw o  
f a c t o r s .  F i r s t l y  t h e  pK o f  i t s  a - a m in o  i n  r e l a t i o n  t o  t h e  amoun t  o f  
f r e e  base NHz- a v a i l a b l e  t o  a t t a c k  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e ,  as c o n t r o l l e d  by  t h e  pH o f  t h e  s o l u t i o n .  S e c o n d l y  t h e  
s t r u c t u r e  o f  t h e  a c c e p t o r ,  i e :  w h e t h e r  i t  f u l f i l l s  t h e  s t r u c t u r a l  
r e q u i r e m e n t s  t o  be an a c c e p t o r  and w h e t h e r  i t  b i n d s  o n l y  t o  t h e  
a c c e p t o r  s i t e ,  o r  b i n d s  t o  b o t h  t h i s  s i t e  and c o m p e te s  t o  b i n d  a t  
t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .
11) The r a t e  l i m i t i n g  s t e p  i n  t h i s  p i n g - p o n g  m echan ism  i s  t h e  
s ec on d  h a l f  o f  t h e  p r o c e s s ,  t h e  b i n d i n g  o f  t h e  i n c o m i n g  a c c e p t o r  
and i t  a t t a c k i n g  t h e  g a m m a -g lu ta m y l  enzyme i n t e r m e d i a t e  t o  u n d e r g o  
t r a n s p e p t i  d a t i  o n .
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5 . 1 X I M ~ r R O D U O ~ r  l O M
The r a t e  o f  h y d r o l y s i s  o f  a g a m m a -g lu ta m y l  d o n o r  by GGT has  been 
shown t o  d e p e n d e n t  upon t h e  a c c e p t o r *  ( C h a p t e r  4 ) .  H o w eve r ,  some 
N - s u b s t i t u t e d  am ino  a c i d s  a r e  non a c c e p t o r s ,  b u t  s t i l l  s t i m u l a t e  
t h e  h y d r o l y s i s  o f  g a m m a -g lu ta m y l  d o n o r s ,  as d e m o n s t r a t e d  by 
N - s u b s t i t u t e d  g l y c i n e  d e r i v a t i v e s  i n  S e c t i o n  4 . 3 . 1 .  S i m i l a r  
b e h a v i o u r  has been o b s e r v e d  by  v a r i o u s  w o r k e r s ^ ® - ^ w i t h  m a l e i c  
a c i d ,  b u t  e x a c t l y  how t h i s  c a t a l y t i c  a c t i o n  o c c u r s  i s  s t i l l  n o t  
f u l l y  u n d e r s t o o d .  I n  t h i s  c h a p t e r  t h e  c a t a l y s i n g  e f f e c t  o f  v a r i o u s  
d i a c i d s  and N - s u b s t i t u t e d  a m in o  a c i d s  a r e  i n v e s t i g a t e d  t o  g a i n  some 
i n f o r m a t i o n  on t h e  b i n d i n g  and i n t e r a c t i o n  o f  t h e s e  compounds w i t h  
GGT.
R e v e r s i b l e  and i r r e v e r s i b l e  i n h i b i t i o n  o f  GGT has p r e v i o u s l y  
been a c h i e v e d  w i t h  v a r i o u s  compounds as shown by num erous  
s t u d i e s . I B ®  I n  t h i s  c h a p t e r  some o f  t h e s e  s t u d i e s  a r e  f o l l o w e d  up 
and e x t e n d e d  t o  i n v e s t i g a t e  t h e  s t r u c t u r a l  and e l e c t r o n i c  
p r o p e r t i e s  o f  t h e  i n h i b i t o r s  and t h e  a c t i o n  by w h ic h  t h e y  i n h i b i t .  
The p o s s i b i l i t y  o f  t h e s e  i n h i b i t o r s  b e i n g  m o d e ls  f o r  t h e  
g a m m a -g lu ta m y l -e n z y m e  i n t e r m e d i a t e  i s  a l s o  d i s c u s s e d .
5 . 2  E x p ^ r - j
A l l  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e s  c a r r i e d  o u t  i n  t h i s  c h a p t e r  
a r e  d e s c r i b e d  i n  S e c t i o n  3 . 5 .
5 . 3  R E S U L T S
5 . 3 . 1  I n v e s t i g a t i n g  t h e  C a t a l y t i c  E f f e c t  o f  D i a c i d s
The r e v e r s i b l e  c a t a l y s i n g  e f f e c t  o f  m a l e i c  a c i d  on t h e  
h y d r o l y s i s  o f  g a m m a -g lu ta m y l  d o n o r s  i s  shown i n  F i g u r e s  5 .1  & 5 . 2 ,  
w he re  an i n c r e a s i n g  c o n c e n t r a t i o n  o f  m a l e i c  a c i d  i s  seen  t o  
i n c r e a s e  t h e  r a t e  o f  f o r m a t i o n  o f  NHa and p-NA f r o m  G in  and 
G -p-NA r e s p e c t i v e l y .  B o th  o f  t h e s e  c o n c e n t r a t i o n  p r o f i l e s  ( F i g u r e s
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6 .1  & 6 . 2 )  a r e  means o f  d u p l i c a t e  a n a l y s e s  ( ±  6%). They show t h e
c a t a l y s i n g  e f f e c t  r e a c h i n g  a maximum w i t h  Km v a l u e s  o f  4mM f o r  
G in  and a b o u t  1.5mM f o r  t h a t  G -p-NA.  A s a t u r a t i o n  p o i n t  (Vmax) 
a p p e a r s  t o  be r e a c h e d ,  s u g g e s t i n g  t h a t  t h e  m a l e i c  a c i d  i s  b i n d i n g  
t o  a s p e c i f i c  s i t e .  H o w e ve r ,  t h e r e  i s  a s m a l l  l i n e a r  r e s i d u a l  
i n c r e a s e  beyond t h i s  maximum, w h ic h  may be due  an a l l o s t e r i c  e f f e c t  
o f  t h e  a c i d  a n i o n s  o r  t h e  c o u n t e r  c a t i o n s  i e : Na+ o r  NH4+.
T h i s  e f f e c t  has  been i n v e s t i g a t e d  and d i s c u s s e d  i n  C h a p t e r  3 .  
M a l e i c  a c i d  c a t a l y s e s  t h e  r a t e  o f  h y d r o l y s i s  o f  G in  by  a f a c t o r  o f
3 . 5 ,  w h i l e  g l y c y l g l y c i n e  a c c e l e r a t e s  t h e  h y d r o l y s i s  o f  G in  2 . 6  
f o l d .  The r e v e r s e  i s  o b s e r v e d  when G-p-NA i s  t h e  d o n o r ,  m a l e i c  a c i d  
c a u s e s  a 2 . 6  f o l d  i n c r e a s e  i n  t h e  r a t e ,  w h i l e  g l y c y l g l y c i n e  c a u s e s  
a 5 - f o l d  i n c r e a s e  i n  t h e  r a t e  o f  h y d r o l y s i s .  These  r e s u l t s  
h i g h l i g h t  a f u n d a m e n t a l  d i f f e r e n c e  be tween  t h e  b i n d i n g  o f  m a l e i c  
a c i d  t o  t h e  enzyme w i t h  G -p-NA and G in  as d o n o r s .
F i g u r e  6 . 1 :  C o n c e n t r a t i o n  P r o f i l e  o f  M a l e i c  A c i d  and
G l y c y l g l y c i n e  w i t h  G in  as  Donor
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F i g u r e  5 . 2 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s  C a t a l y s i n g  A g e n t s
and G l y c y l g l c i n e  w i t h  G-p-NA as Donor
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MALEIC ACID
GLYGLY
N-AC-GLY
T a b le s  5 .1  & 5 . 2  show q u a n t i t a t i v e  a n a l y s i s  ( h . p . l . c )  o f  t h e
p r o d u c t s  t h a t  w e re  o b t a i n e d  ( d u p l i c a t e  a n a l y s i s  ±5%) i n  t h e  
p r e s e n c e  and a b s e n c e  o f  g l y c y l g l y c i n e  (25mM) and m a l e i c  a c i d  (25mM) 
w i t h  a p o o r  d o n o r  ( G i n ,  60mM) and a good d o n o r  (G -p -N A ,  3 .5m M).  The 
a d d i t i o n  o f  g l y c y l g l y c i n e  t o  G -p -N A ,  shows a 3 - f o l d  i n c r e a s e  i n  t h e  
r a t e  o f  u t i l i s a t i o n  o f  G -p -N A ,  c o r r e s p o n d i n g  t o  t h e  i n c r e a s e  o f  t h e  
t r a n s p e p t i d a t i o n  and h y d r o l y s i s  r e a c t i o n ,  c o n s i s t e n t  w i t h  f i n d i n g s  
i n  C h a p t e r  3 .  A l s o  c o n s i s t e n t  w i t h  p r e v i o u s  r e s u l t s  ( C h a p t e r  4 ) ,  i s  
t h e  5 - f o l d  i n c r e a s e  i n  a c t i v i t y  r a t i o  on t h e  a d d i t i o n  o f  
g l y c y l g l y c i n e .  T h i s  i s  r e p r e s e n t e d  i n  T a b le  5 .1  by t h e  r a t i o  o f  t h e  
amoun ts  o f  g l u t a m a t e  f o rm e d  i n  t h e  c o n t r o l  ( 2 . 2 p m o l e s )  t o  t h e  sum 
o f  t h e  amount  o f  g l u t a m a t e  and G l u - G l y g l y  f o rm e d  ( l O . S p m o l e s )  i n  
t h e  p r e s e n c e  o f  g l y c y l g l y c i n e .  The a d d i t i o n  o f  m a l e i c  a c i d  d o u b l e s  
t h e  o v e r a l l  u t i l i s a t i o n  o f  G -p -N A ,  by c a t a l y s i n g  t h e  h y d r o l y s i s  
r e a c t i o n ,  i e :  t h e  f o r m a t i o n  o f  g l u t a m a t e .  The f o r m a t i o n  o f  G -G-p -NA
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v i a  t h e  a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  i s  r e s t r i c t e d  on t h e  a d d i t i o n  
o f  m a l e i c  a c i d .  T h i s  i n h i b i t i o n  by m a l e i c  i s  a l s o  seen  i n  t h e  
p r e s e n c e  o f  g l y c y l g l y c i n e  i n  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  b e i n g  
re d u c e d  by 60% ( 6 . 9  t o  2 . 7  p m o l e s ) .
The c o r r e s p o n d i n g  a n a l y s i s  u s i n g  G in  as a d o n o r  ( T a b l e  5 . 2 )  
shows t h a t  i n  t h e  p r e s e n c e  o f  m a l e i c  a c i d ,  t h e  a b s o l u t e  am oun ts  o f  
t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n  p r o d u c t s  a r e  t h e  same, i n  
t h e  a bs e nc e  o r  p r e s e n c e  o f  g l y c y l g l y c i n e ,  b u t  t h e i r  r e l a t i v e  
p e r c e n t a g e s  o f  t h e  t o t a l  r e a c t i o n  a r e  l e s s .  The o v e r a l l  i n c r e a s e  
i n  t h e  u t i l i s a t i o n  o f  G in  i n  t h e  p r e s e n c e  o f  m a l e i c  a c i d  i s  due t o  
t h e  i n c r e a s e  i n  t h e  h y d r o l y s i s  r e a c t i o n .  A 4 - f o l d  i n c r e a s e  i n  t h e  
u t i l i s a t i o n  o f  G in  i s  a l s o  o b s e r v e d  on t h e  a d d i t i o n  o f  
g l y c y l g l y c i n e  t o  t h e  c o n t r o l ;  t h i s  i s  due t o  an unchanged  
a u t o t r a n s p e p t i d a t i o n  r a t e  and  a 5 - f o l d  i n c r e a s e  i n  t h e  h y d r o l y s i s  
r a t e ,  com pared  t o  1 . 5  f o r  t h e  c o r r e s p o n d i n g  r e a c t i o n  w i t h  G-p-NA 
( T a b l e  5 . 1 ) .  These  f i n d i n g s  a r e  i n  a c c o r d a n c e  w i t h  t h o s e  i n  C h a p t e r  
3 .  The i n c r e a s e  i n  a c t i v i t y  r a t i o  o b s e r v e d  w i t h  G in  on t h e  a d d i t i o n  
o f  g l y c y l g l y c i n e  o f  3 . 5 - f o l d  was o b s e r v e d  i n  C h a p t e r  4 .  T h i s  i s  
a l s o  shown i n  T a b l e  4 , 2 ,  by t h e  r a t i o  o f  t h e  g l u t a m a t e  f o rm e d  i n  
t h e  c o n t r o l  ( 2 4 n m o l e s ) ,  t o  t h e  sum o f  g l u t a m a t e  and G l u - G l y g l y  
f o rm e d  i n  t h e  p r e s e n c e  o f  g l y c y l g l y c i n e  ( 8 5 n m o l e s ) .
T a b le  5 . 1 :  I n v e s t i g a t i n g  t h e  C a t a l y s i n g  E f f e c t s  o f  M a l e i c
A c i d  on G-p-NA i n  t h e  P r e s e n c e  and Absence  o f  G l y c y l g l y c i n e
P r o d u c t s  Formed D u r i n g  R e a c t i o n
D i s a p p e a r a n c e  G l u t a m a t e  G l u - G l y g l y  G-G-p-NA 
o f  G-p-NA
C o n t r o l  3 . 9  2 . 2  1 .2
G l y g l y  1 0 .7  3 . 9  6 . 9  0 . 0
M a l e i c  6 . 9  5 . 8  0 . 3
A c i d
G l y g l y +  9 . 7  6 . 9  2 . 7  0 . 0
M a l e i c  A c i d
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A l l  o f  t h e  v a l u e s  a r e  i n  n m o le s  o f  p r o d u c t  f o rm e d  a f t e r  t h e  i n i t i a l  
2 m i n u t e s  o f  t h e  r e a c t i o n .
T a b l e  5 . 2 :  I n v e s t i g a t i n g  t h e  C a t a l y s i n g  E f f e c t s  o f  M a l e i c  A c i d  on 
G in  i n  t h e  P re s e n c e  and Absence  o f  G l y c y l g l y c i n e
P r o d u c t s  Formed D u r i n g  R e a c t i o n
D i s a p p e a r a n c e  G lu t a m a t e  G l u - G l y g l y  G l u - G l n  
o f  G in
C o n t r o l  42 24 11
G l y g l y  110 18 67 12
M a l e i c  165 130 15
A c i d
G l y g l y +  155 66 65 12
M a l e i c  A c i d
A l l  o f  t h e  v a l u e s  a r e  i n  nm o le s  o f  p r o d u c t  f o rm e d  a f t e r  t h e  i n i t i a l  
20 m i n u t e s  o f  t h e  r e a c t i o n .
F i g u r e s  5 . 3  and 5 . 4  show pH p r o f i l e s  o f  t h e  enzyme a c t i v i t y  f o r  
t h e  f o r m a t i o n  o f  p-NA and NHs f r o m  G-p-NA and G in  r e s p e c t i v e l y  i n  
t h e  a b s e n c e  and p r e s e n c e  o f  m a l e i c  a c i d .  They show t h a t  t h e  pH 
max ima i n  t h e  p r e s e n c e  o f  m a l e i c  a c i d  a r e  i d e n t i c a l  t o  t h e  pH 
maxima o f  t h e  r e s p e c t i v e  g a m m a -g lu ta m y l  d o n o r s  w i t h o u t  any 
a c c e p t o r ,  i e :  pH 9 . 2  f o r  G-p-NA and pH 7 . 8  f o r  G in  ( F i g u r e s  4 . 1 0  &
4 . 1 2 ) .  These a r e  u n l i k e  t h e  pH p r o f i l e s  o b s e r v e d  w i t h  good 
a c c e p t o r s  ( t h a t  have  a s i m i l a r  c a t a l y s i n g  e f f e c t ) ,  s u c h  as
g l y c y l g l y c i n e ,  where  t h e  pH maxima a r e  s h i f t e d  t o  l o w e r  pH on t h e
a d d i t i o n  o f  an a c c e p t o r .  T h i s  i s  s u p p o r t i n g  e v i d e n c e  t h a t  t h e  o n l y
r e a c t i o n s  t a k i n g  p l a c e  on t h e  a d d i t i o n  o f  m a l e i c  a c i d  a r e
h y d r o l y s i s  and a u t o t r a n s p e p t i d a t i o n .
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F i g u r e  5 . 3 :  pH P r o f i l e  o f  C a t a l y s i n g  A g e n t s  w i t h  G-p-NA as  Donor
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F i g u r e  5 . 4 :  pH P r o f i l e  o f  M a l e i c  A c i d  w i t h  G in  as Donor
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The c a t a l y s i n g  e f f e c t  o f  v a r i o u s  o t h e r  d i a c i d s  (25mM) we re  
s t u d i e d  h e r e  f o r  t h e  f i r s t  t i m e ,  w i t h  G-p-NA ( 3 . 5 m M ) , i n  t h e  a bs e nc e  
and p r e s e n c e  o f  g l y c y l g l y c i n e  (25mM). The r e s u l t s  a r e  shown i n  
T a b le  5 . 3 ,  t h e  l e n g t h  o f  t h e  c a r b o n  c h a i n  o f  t h e  d i a c i d  was 
e x t e n d e d  u n t i l  no c a t a l y t i c  e f f e c t  was o b s e r v e d .
T a b le  5 . 3 :  I n v e s t i g a t i o n s  o f  t h e  C a t a l y s i n g  E f f e c t  o f  V a r i o u s
D i a c i d s
D i a c i d None G l y g l y S t r u c t u r e
None 100 500
O x a l i c 195 440 HOOC-COOH
M a l o n i c 125 480 HOOC-CHz-COOH
M a l e i c 235 430 c i  s-HOOGCH=CHCOOH
F u m a r ic 110 470 trans-HOOGGH=GHGOOH
S u c c i n i c 140 450 HOOG-GHz-GHz-GOOH
G l u t a r i c 100 500 HOOG-GHz-GHz-GHz-GOOH
The v a l u e s  q u o t e d  above  a r e  a c t i v i t y  r a t i o s ,  i e ; r e l a t i v e  t o  t h e  
r a t e  o f  h y d r o l y s i s  o f  G -p-NA w i t h  a s p e c i f i c  r a t e  o f  1 2 .7 p m o le s  
m i n - i m g - i  and an a r b i t r a r y  v a l u e  o f  100.
The r e s u l t s  f r o m  T a b l e  5 . 3  show m a l e i c  a c i d  has t h e  m os t  
s i g n i f i c a n t  c a t a l y s i n g  e f f e c t  on t h e  h y d r o l y s i s  o f  G -p-NA,  a t  a 
r a t e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  i n  T a b le  5 .1  and o t h e r  
w o r k e r s . 9 8 - 1 0 0  The c a t a l y s i n g  e f f e c t  i s  re d u c e d  as t h e  c h a i n  
l e n g t h  o f  t h e  d i a c i d  i s  i n c r e a s e d  u n t i l  g l u t a r i c  a c i d  has  no 
c a t a l y s i n g  e f f e c t .  O x a l i c  a c i d ,  t h e  s m a l l e s t  d i a c i d ,  has  a g r e a t e r  
c a t a l y s i n g  e f f e c t  t h a n  m a l o n i c  a c i d ,  w h ic h  i s  one GHz l a r g e r .  
F u m a r i c  a c i d  ( t r a n s )  has  an a l m o s t  i n s i g n i f i c a n t  c a t a l y s i n g  e f f e c t  
when com pared  t o  m a l e i c  a c i d  ( c i s ) .  T h i s  s u g g e s t s  t h a t  t h e  
s t r u c t u r e  o f  t h e  d i a c i d  i s  c r u c i a l  t o  i t s  e f f e c t .  T h i s  i s  
e x e m p l i f i e d  by t h e  c a r b o n  c h a i n  l e n g t h  o f  t h e  d i a c i d  a l s o  b e i n g  an
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i m p o r t a n t  f a c t o r .
I n  t h e  p r e s e n c e  o f  g l y c y l g l y c i n e  t h e  h y d r o l y s i s  o f  G-p-NA 
i s  c a t a l y s e d  by a f a c t o r  o f  5 .  On a d d i t i o n  o f  t h e  d i a c i d s ,  t h e  
c a t a l y s i n g  e f f e c t  o f  g l y c y l g l y c i n e  i s  dampened, i e :  t h e  d i a c i d s  a r e  
i n h i b i t i n g  t h e  e f f e c t  o f  t h e  a c c e p t o r .  The d i a c i d s  w h ic h  has  t h e  
l a r g e s t  c a t a l y s i n g  e f f e c t  i n  t h e  absence  o f  g l y c y l g l y c i n e  has  t h e  
s t r o n g e s t  i n h i b i t i n g  e f f e c t  o f  t h e  c a t a l y s i n g  e f f e c t  on 
g l y c y l g l y c i n e .  T h i s  s u g g e s t s  c o m p e t i t i o n  be tw e en  g l y c y l g l y c i n e  and 
d i a c i d s  t h a t  c a t a l y s e  t h e  h y d r o l y s i s  o f  t h e  g a m m a -g lu ta m y l  d o n o r s .  
These f i n d i n g s  a r e  f u r t h e r  e v i d e n c e  t o  s u g g e s t  t h a t  t h e  d i a c i d  i s  
b i n d i n g  t o  a s p e c i f i c  s i t e .
The c a t a l y t i c  e f f e c t  o f  mono-  and d i e t h y l -  e s t e r s  o f  m a l e i c  a c i d  
w e re  a l s o  i n v e s t i g a t e d  u n d e r  s i m i l a r  c o n d i t i o n s  t o  t h o s e  e m p lo y e d  
i n  T a b l e  5 . 3 .  They w e re  f o u n d  t o  have no s t i m u l a t i n g  e f f e c t  on t h e  
h y d r o l y s i s  o f  G -p -N A ,  and no i n h i b i t i n g  e f f e c t  w i t h  r e s p e c t  t o  t h e  
c a t a l y s i n g  e f f e c t  o f  g l y c y l g l y c i n e .
6 . 3 . 2  I n v e s t i g a t i n g  t h e  C a t a l y i c  E f f e c t  o f  N - S u b s t i t u t e d  Am ino  A c i d s  
P r e v i o u s l y ,  i n  C h a p t e r  4 t h e  c a t a l y s i n g  e f f e c t  o f  v a r i o u s  
N - s u b s t i t u t e d  am ino  a c i d s  was f o u n d  a l t h o u g h ,  TLC r e s u l t s  showed 
them t o  be non a c c e p t o r s .  T h i s  i s  t h e  f i r s t  t i m e  t h a t  such  
c a t a l y s i n g  a c t i v i t y  has  been o b s e r v e d  w i t h  s uch  compounds.  As a 
r e s u l t  o f  t h e  p r e l i m i n a r y  f i n d i n g s  ( S e c t i o n  4 . 3 . 1 ) ,  t h e  
N - s u b s t i t u t e d  am ino  a c i d s  a r e  s t u d i e d  i n  g r e a t e r  d e t a i l  h e r e .
T a b le  5 . 4  shows t h e  a c t i v i t y  r a t i o s  o f  v a r i o u s  N - s u b s t i t u t e d  
am ino  a c i d s  a l l  o f  w h i c h  w e re  shown t o  be non a c c e p t o r s .  A l l  o f  t h e  
N - a c e t y l - a m i n o  a c i d s  s t u d i e d  showed some c a t a l y t i c  e f f e c t  t o w a r d s  
t h e  h y d r o l y s i s  o f  G -p -N A .  N - A c e t y 1 - g l y c i ne was f o u n d  t o  have  t h e  
l a r g e s t  s t i m u l a t i n g  e f f e c t ,  and as t h e  am ino  a c i d  s i d e  c h a i n  was 
i n c r e a s e d  i n  l e n g t h  t h i s  s t i m u l a t i n g  e f f e c t  d e c r e a s e d .  Those 
N - a c e t y l - a m i n o  a c i d s  w i t h  s i d e  c h a i n  e q u i v a l e n t  t o  3
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c a r b o n - c a r b o n  bonds o r  l o n g e r  have  a g r e a t l y  r e d u c e d  c a t a l y s i n g  
e f f e c t  t h a n  t h o s e  w i t h  s m a l l e r  s i d e  c h a i n s .  N - A c e t y l - a - I B A  and 
N - a c e t y l - 3 - a l a n i n e ,  w e re  f o u n d  t o  have  v e r y  l i t t l e  i f  any 
c a t a l y s i n g  e f f e c t .  T h i s  may s u g g e s t  t h e  s t r u c t u r a l  r e q u i r e m e n t  o f  
an N - a c e t y 1 - a - a m i n o  amd a - c a r b o x y l i c  a c i d  g r o u p  as  w e l l  as  s h o w in g  
s p e c i f i c i t y  a t  t h e  a - c a r b o n .
T a b l e  5 . 4 :  A c t i v i t y  R a t i o s  o f  V a r i o u s  Am ino  A c i d  D e r i v a t i v e s
N - S u b s t i t u t e d  Amino A c i d s  A c t i v i t y  R a t i o *
N - A c e t y l - G L Y  174
N - A c e t y l - A L A  156
N - A c e t y 1 - a - A B A  148
N - A c e t y l - V A L  126
N - A c e t y l - L E U  118
N - A c e t y l - I L E U  125
N - A c e t y l - P H E  110
N - A c e t y l - T Y R  105
N -A c e ty l -M E T H  103
N - A c e t y l - T H R  122
N - A c e t y l - S E R  135
N - A c e t y l - C Y S  139
N - A c e t y l - B - A L A  104
N—A c e t y l —a—IBA 102
N -A c e ty l -G L Y G L Y  101
N -F o rm y l -G L Y  160
N-Form y l -GLYGLY 102
N -B e n z o y l -G L Y  198
N - B e n z o y 1-SAR 105
* A c t i v i t y  r a t i o  i s  t h e  r a t i o  o f  t h e  r a t e s  o f  f o r m a t i o n  o f  p-NA 
f r o m  G-p-NA i n  t h e  a b s e n c e  o r  p r e s e n c e  o f  an N - a c e t y l - a m i n o  a c i d .  
The f o r m e r  h a v i n g  an a r b i t r a r y  v a l u e  o f  100 ( s p e c i f i c  r a t e  o f  
1 2 . 7pm o les  m in " ^ m g - i  ) .
From T a b le  5 . 4 ,  t h e  c a t a l y s i n g  e f f e c t  o f  N - f o r m y 1 - g l y c i ne i s  
s i m i l a r  t o  N - a c e t y 1- g l y c i n e , a l t h o u g h  t h e  m a g n i t u d e  o f  t h e  a c t i v i t y  
r a t i o  i s  s l i g h t l y  l e s s .  I n  c o n t r a s t ,  N - b e n z o y l - g l y c i ne ( h i p p u r i c  
a c i d ) ,  w h ic h  has p r e v i o u s l y  been shown t o  have  a c a t a l y s i n g  
e f f e c t , ^ 0 2 , 1 03 has  a g r e a t e r  s t i m u l a t i n g  e f f e c t  t h a n  
N - a c e t y l - g l y c i n e .  I n t e r e s t i n g l y ,  N - b e n z o y l - s a r c o s i n e  has  l i t t l e  o r
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no c a t a l y s i n g  e f f e c t  on t h e  h y d r o l y s i s  o f  G -p -N A ,  t h i s  may s u g g e s t  
t h a t  t h e  a - a m in o  g r o u p  may be i m p o r t a n t  i n  t h e  b i n d i n g  o f  t h e  
c a t a l y s i n g  a g e n t  t o  t h e  enzyme.  The N - s u b s t i t u t e d  g l y c y l g l y c i n e s  do 
n o t  show any  c a t a l y t i c  a c t i v i t y ,  p o s s i b l y  beca use  t h e y  a r e  t o o  
l a r g e  t o  f i t  i n t o  t h e  s p e c i f i c  b i n d i n g  s i t e ,  whe re  t h e
N - s u b s t i t u t e d  am ino  a c i d s  i n t e r a c t  w i t h  t h e  enzyme t o  c a u s e  t h i s
c a t a l y s i n g  e f f e c t .
The c a t a l y s i n g  e f f e c t  o f  N - a c e t y l - g l y c i n e  was s t u d i e d  f u r t h e r ,  
t o  t r y  and u n d e r s t a n d  t h e  mode by w h ic h  i t  c a u s e s  t h e  c a t a l y s i n g
e f f e c t .  The c o n c e n t r a t i o n  p r o f i l e  o f  N - a c e t y l - g l y c i n e  ( F i g u r e  5 . 2 ) ,  
shows t h a t  a s a t u r a t i o n  p o i n t  i s  r e a c h e d  w i t h  a Km s i m i l a r  t o  t h a t  
o b s e r v e d  w i t h  m a l e i c  a c i d  ( F i g u r e  5 . 2 ) .  The pH p r o f i l e  o b t a i n e d  i n  
t h e  p r e s e n c e  o f  N - a c e t y l - g l y c i n e ,  w i t h  G-p-NA i s  d e p i c t e d  i n  F i g u r e  
5 . 3 .  I t  shows a r a t e  maximum a t  a s i m i l a r  pH t o  t h a t  o b s e r v e d  i n  
t h e  a bs e nc e  o f  an a c c e p t o r ,  t h e  same as m a l e i c  a c i d .
A l l  o f  t h e  r e s u l t s  o b t a i n e d  f o r  N - a c e t y l - g l y c i n e  a r e  s i m i l a r  t o  
t h o s e  o f  m a l e i c  a c i d .  Thus i t  i s  p r o b a b l e  t h a t  t h e y  b i n d  t o  a 
common s i t e  on t h e  enzyme.  The b i n d i n g  o f  t h e s e  compounds t o  t h i s
s i t e  c a u s e s  a s t i m u l a t i o n  o f  t h e  h y d r o l y s i s  o f  G -p -NA ,  b u t  i n h i b i t s  
t h e  t r a n s p e p t i d a t i o n  r e a c t i o n .
5 . 3 . 3  I n v e s t i g a t i o n s  o f  V a r i o u s  I n h i b i t o r s
I n  t h i s  s e c t i o n  o f  t h e  c h a p t e r  v a r i o u s  r e v e r s i b l e  and 
i r r e v e r s i b l e  i n h i b i t o r s  w i l l  be s t u d i e d ,  as a p r e l u d e  t o  u s i n g  
them i n  v i v o ,  t o  a s s e s s  t h e  i n v o l v e m e n t  o f  GGT i n  t h e  
t r a n s l o c a t i o n  o f  am ino  a c i d s  a c r o s s  C a c o -2  c e l l  m o n o la y e r s  ( C h a p t e r
6 ) .  The e x i s t i n g  k n o w le d g e  on t h e  i n h i b i t o r s ,  s u g g e s t s  t h a t  t h e y  
c o m p e t i t i v e l y  i n h i b i t  w i t h  r e s p e c t  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  
s i t e .  These s t u d i e s  w i l l  use  t h i s  f a c t  and use  a n a lo g u e s  o f  t h e  
known e x i s t i n g  i n h i b i t o r s  t o  i n v e s t i g a t e  f u r t h e r  t h e  s t r u c t u r a l  and 
e l e c t r o n i c  r e q u i r e m n t s  t o  b i n d  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .
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K i n e t i c  s t u d i e s  w e re  c a r r i e d  o u t  i n  w h i c h  t h e  i n h i b i t i n g  e f f e c t  
o f  t h e  known* s e r i n e - b o r a t e  c o m p le x  was i n v e s t i g a t e d .  F i g u r e  6 . 6  
shows t h e  r e s u l t s  f r o m  t h e s e  s t u d i e s ,  c l e a r l y  i n d i c a t i n g  t h a t  t h e  
s e r i n e - b o r a t e  c o m p le x ,  i s  a c o m p e t i t i v e  i n h i b i t o r  w i t h  r e s p e c t  t o  
t h e  g a m m a -g lu ta m y l  d o n o r  ( G - p - N A ) .  A pH p r o f i l e  ( F i g u r e  5 . 6 )  o f  t h e  
r e m a i n i n g  GGT a c t i v i t y  i n  t h e  p r e s e n c e  o f  s e r i n e - b o r a t e  c o m p le x  
(2 .5 m M ) ,  shows a r a t e  maximum o f  a b o u t  pH 9 . 2 .  T h i s  c o i n c i d e s  w i t h  
t h e  pH maximum o b t a i n e d  i n  t h e  absence  o f  any  i n h i b i t o r  o r  
a c c e p t o r ,  and may s u g g e s t  t h a t  b o t h  r e a c t i o n s ,  i e :  h y d r o l y s i s  and  
a u t o t r a n s p e p t i d a t i o n ,  a r e  o n l y  a f f e c t e d  w i t h  r e s p e c t  t o  t h e  
m a g n i t u d e  o f  t h e i r  r e l a t i v e  r a t e s .
F i g u r e  5 . 5 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s
C o n c e n t r a t i o n s  w i t h  G-p-NA as  D o no r .
S e r i  n e - B o r a t e
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F i g u r e  5 . 6 :  pH P r o f i l e  o f  R e m a in in g  GGT A c t i v i t y  i n  t h e  P re s e n c e
o f  S e r i n e - B o r a t e  w i t h  G-p-NA as Donor
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V a r i o u s  a n a lo g u e s  o f  t h e  s e r i n e - b o r a t e  c o m p le x  we re  s t u d i e d  and 
t h e i r  c o n c e n t r a t i o n  p r o f i l e s  a r e  shown i n  F i g u r e  5 . 7 .  S e r i n e  m e t h y l  
e s t e i — b o r a t e  c o m p le x  i s  a l s o  seen t o  be a c o m p e t i t i v e  i n h i b i t o r .  
TLC i n v e s t i g a t i o n s ,  showed t h a t  t h e  e s t e r  had n o t  been h y d r o l y s e d  
t o  t h e  f r e e  a c i d ,  i e :  s e r i n e .  S e r i n e - O - m e t h y l  e t h e r  i n  t h e  p r e s e n c e  
o f  b o r a t e  i s  u n a b l e  t o  i n h i b i t  t h e  enzyme, t h i s  i s  l i k e l y  as t h e  
b o r a t e  i s  u n a b l e  t o  f o r m  a c o m p le x  w i t h  t h e  s e r i n e  as t h e  0 - m e t h y l  
g r o u p  i s  m a s k in g  t h e  h y d r o x i d e  o f  s e r i n e .  The m e th y l  e t h e r  has been 
shown t o  be a m o d e r a te  a c c e p t o r  e i t h e r  i n  t h e  p r e s e n c e  ( F i g u r e  5 . 7 )  
o r  a b s e n c e  ( F i g u r e  4 . 4 )  o f  b o r a t e .
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F i g u r e  5 . 7 :  C o n c e n t r a t i o n  P r o f i l e  o f  V a r i o u s
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5 . 8 :  C o n c e n t r a t i o n  P r o f i l e  o f  S e r i n e - O - P h o s p h a t e  i n  t h e
and P r e s e n c e  o f  G l y c y l g l y c i n e
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S e r i n e - O - p h o s p h a t e  i s  s t r u c t u r a l l y  a l m o s t  i d e n t i c a l  t o  t h e  
known c o m p e t i t i v e  i n h i b i t o r ,  s e r i n e - b o r a t e  c o m p l e x , l o * ' 201  e x c e p t  
t h a t  b o r a t e  i s  r e p l a c e d  by  p h o s p h a t e ,  b o t h  o f  w h i c h  a r e  i n  a 
t e t r a h e d r a l  e n v i r o n m e n t .  F i g u r e s  5 . 7  & 5 . 8  show t h a t
s e r i n e - O - p h o s p h a t e  i s  a l s o  a c o m p e t i t i v e  i n h i b i t o r ,  even  i n  t h e  
p r e s e n c e  o f  g l y c y l g l y c i n e ,  a l t h o u g h  n o t  t o  t h e  same d e g r e e  as i t s  
b o r a t e  a n a lo g u e  ( F i g u r e  5 . 5 ) .  T h i s  i s  c l e a r l y  due t o  some s l i g h t l y  
d i f f e r e n t  s t r u c t u r a l  o r  e l e c t r o n i c  c h a r a c t e r i s t i c  o f  t h e  p h o s p h a t e  
r e l a t i v e  t o  b o r a t e .
A c o m p a r i s o n  o f  t h e  c o n c e n t r a t i o n  p r o f i l e s  o f  t h r e o n i n e  i n  t h e  
p r e s e n c e  o r  abse nce  o f  b o r a t e  as  d e p i c t e d  i n  F i g u r e  5 . 9 ,  shows t h a t  
t h e  a d d i t i o n  o f  b o r a t e  seems t o  n u l l i f y  t h e  i n h i b i t i n g  p r o p e r t i e s  
o f  t h r e o n i n e  seen  a t  h i g h e r  c o n c e n t r a t i o n s .  T h i s  u n u s u a l  f i n d i n g  
may s u g g e s t  t h a t  t h e  c o m p le x  fo rm e d  be tween  t h e  t h r e o n i n e  and 
b o r a t e  i s  t o o  b u l k y  t o  f i t  i n t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .
D L - S e r i n e - O - a c e t y l  and D L - 5 - o x o - n o r l e u c i n e  have  s i m i l a r  
s t r u c t u r e s  t o  t h a t  o f  a z a s e r i n e ,  a known i r r e v e r s i b l e  
i n h i b i t o r , ^ 21  e x c e p t  f o r  t h e  h y d r o x y l  g r o u p  on t h e  end o f  t h e  
s i d e  c h a i n .  These d e r i v a t i v e s  do n o t  seem t o  be c o m p e t i t i v e  
i n h i b i t o r s  o f  t h e  enzyme ( F i g u r e  5 . 9 ) .  A l t h o u g h  t h e i r  s t r u c t u r e s  
may s u g g e s t  t h e y  a r e  a c c e p t o r s  a c c o r d i n g  t o  t h e  f i n d i n g s  i n  C h a p t e r  
4,  i e :  t h e y  c o n t a i n  b o t h  an a - a m in o  and an a - c a r b o x y l  g r o u p s  and a 
lo n g  u n b ra n c h e d  s i d e  c h a i n .  TLC s t u d i e s  c o n f i r m e d  t h a t  t h e y  w e re  
a c c e p t o r s ,  a l b e i t  p o o r  a c c e p t o r s .  One m i g h t  have  e x p e c t e d  them t o  
be good a c c e p t o r s ,  as t h e y  have  s i m i l a r  s t r u c t u r e s  t o  n o r l e u c i n e ,  a 
good a c c e p t o r  ( C h a p t e r  4 ) .
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F i g u r e  6 . 9 :  C o n c e n t r a t i o n  o f  V a r i o u s  P o t e n t i a l  I n h i b i t o r s
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F i g u r e  5 . 1 0 :  I n a c t i v a t i o n  o f  GGT w i t h  A T - 125 i n  Absence  and
P r e s e n c e  o f  e i t h e r  M a l e i c  A c i d  o r  S e r i n e - B o r a t e  Comp lex .
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F i g u r e  5 . 1 1 :  I n a c t i v a t i o n  o f  GGT w i t h  A z a s e r i n e  i n  Ab sence  and
P re s e n c e  o f  e i t h e r  M a l e i c  A c i d  o r  S e r i n - B o r a t e  C om p lex .  100
90 -
80
70 -
I 50 -
NONE
MALEIC ACID (5 0 m M )
SERINE + BORATE (5m M )
604 0 503 010 200
TIM E (M IN ) !
S e v e r a l  w o r k e r s  have  d e m o n s t r a t e d  t h a t  a z a s e r i n e  and a c i v i c i n
( A T - 1 2 5 )  i r r e v e r s i b l y  i n h i b i t  t h e  enzyme,  a l t h o u g h  p r e i n c u b a t i o n  i s  
r e q u i r e d  f o r  c o m p le t e  i n h i b i t i o n  t o  t a k e  p l a c e . 201  i n  t h i s  
s t u d y  b o t h  i r r e v e r s i b l e  i n h i b i t o r s  we re  i n c u b a t e d  w i t h  t h e  GGT i n  
t h e  a b s e n c e  and p r e s e n c e  o f  e i t h e r ,  s e r i n e - b o r a t e  c o m p le x  (2 .5mM) 
o r  m a l e i c  a c i d  (25mM). The r e s u l t s  o f  t h e s e  s t u d i e s  a r e  shown i n  
F i g u r e s  5 . 1 0  & 5 . 1 1 ,  w h e re  t h e  p r e i n c u b a t i o n  o f  t h e  enzyme w i t h
e i t h e r  a z a s e r i n e  o r  AT -125  r e s u l t s  i n  i r r e v e r s i b l e  i n a c t i v a t i o n  o f  
t h e  enzyme w h i c h  i n c r e a s e s  w i t h  t i m e .  C o m p le te  i n a c t i v a t i o n  t a k e s  
p l a c e  w i t h i n  an h o u r  f o r  b o t h  i n h i b i t o r s .  A d d i t i o n  o f  t h e  
s e r i n e - b o r a t e  c o m p le x  s l o w s  down t h i s  i n a c t i v a t i o n  by a f a c t o r  o f  3 
o r  4 ,  w h e re a s  a d d i t i o n  o f  m a l e i c  a c i d  e n h a n c e s  t h e  r a t e  o f  
i n a c t i v a t i o n  by a b o u t  6 - f o l d .
l o d o a c e t a m i d e  a s u l f h y d r y l  b l o c k i n g  a g e n t  has p r e v i o u s l y  been 
shown t o  i r r e v e r s i b l y  i n h i b i t  GGT a c t i v i t y . ^ ^ 7 , 199  i n  t h i s  s t u d y
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v a r i o u s  c o n c e n t r a t i o n s  o f  i o d o a c e t a m i d e  w e re  i n c u b a t e d  w i t h  GGT 
o v e r  a t i m e  p e r i o d  and t h e n  a s s a y e d  f o r  r e m a i n i n g  a c t i v i t y .  F i g u r e
5 , 1 2  shows p r e - i n c u b a t i o n  w i t h  i o d o a c e t a m id e  a t  v a r i o u s  
c o n c e n t r a t i o n s  c a u s e s  i n c r e a s i n g  i n a c t i v a t i o n  o f  t h e  enzyme w i t h  
t i m e .  C o m p le te  i n a c t i v a t i o n  o f  t h e  enzyme c o u l d  have  been a c h i e v e d  
i f  t h e  enzyme had been p r e - i n c u b a t e d  w i t h  i o d o a c e t a m id e  f o r  l o n g e r .
F i g u r e  5 . 1 2 :  I n a c t i v a t i o n  o f  GGT w i t h  l o d o a c e t a m i d e  a t  V a r i o u s
C o n c e n t r a t i o n s
M l
12 -
10
boe
a
6
COo
r - iOa
<D-P(0Pi
8 -
o 15mM IODOACETAMIDE 
♦ 7.5mM IODOACETAMIDE
H 3.5m n IODOACETAMIDE
0 20 #  60 80 100
TIM E (M IN )
~i— 
20 40
161 -
INHIB ITO RS & CATALYSING AGENTS
5 . 4  P I S O U 3 3 I Q M
5 . 4 . 1  C a t a l y s i n g  A g e n t s
The r e v e r s i b l e  c a t a l y s i n g  e f f e c t  by m a l e i c  a c i d  has been shown 
by s e v e r a l  w o r k e r s , ® ® ^ ^ ^ 4 1 n  w h ic h  t h e y  o b s e r v e  t h e
s t i m u l a t i o n  o f  h y d r o l y s i s  o f  a g a m m a -g lu ta m y l  d o n o r .  W h i l e  t h e  
t r a n s p e p t i d a t i o n  r e a c t i o n  i s  i n h i b i t e d ,  e s p e c i a l l y  when g l u t a t h i o n e  
o r  G-p-NA a r e  t h e  g a m m a -g lu ta m y l  d o n o r s .
These f i n d i n g s  by o t h e r  w o r k e r s , 9 8 - 1 0 0 , 1 3 4  s u p p o r t  t h e  r e s u l t s  
o b t a i n e d  i n  t h i s  s t u d y  ( S e c t i o n  5 . 3 . 1 ) ,  w h e re  m a le a t e  beh aves  as  a 
c o m p e t i t i v e  i n h i b i t o r  w i t h  r e s p e c t  t o  G -p -N A ,  b u t  n o t  G in .  Thus  i t  
h i n d e r s  t h e  b i n d i n g  o f  G -p -N A  b u t  n o t  t h e  b i n d i n g  o f  G in ,  t h u s  t h e  
b i n d i n g  o f  m a l e a t e  m us t  p a r t i a l l y  o v e r l a p  t h e  b i n d i n g  s i t e  f o r  t h e  
p - n i t r o a n i 1 i ne r i n g ,  w h i c h  was h y p o t h e s i s e d  e a r l y  i n  t h i s  t h e s i s  
( C h a p t e r  3 )  t o  be t h e  a c c e p t o r  ( c y s t e i n y l g l y c i n e )  b i n d i n g  s i t e .  
T h i s  i n d i c a t e s  t h a t  m a le a t e  b i n d s  t o  t h e  c y s t e i n y l g l y c i n e  r e g i o n  o f  
t h e  a c t i v e  s i t e .  Th u s ,  b i n d i n g  o f  m a le a t e  t o  t h e  a c c e p t o r  s i t e  
s t i m u l a t e s  t h e  h y d r o l y s i s  o f  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e  
f o r m i n g  g l u t a m a t e  , b u t  i n h i b i t s  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  by 
p r e v e n t i n g  t h e  a c c e p t o r  t o  b i n d  t o  t h e  c y s t e i n y l g l y c i n e  s i t e .
As shown p r e v i o u s l y  i n  t h i s  s t u d y  ( C h a p t e r  4 ) ,  t h e  second  s t a g e  
o f  t h e  p i n g - p o n g  m echan ism  o f  t h e  enzyme i s  t h e  r a t e  l i m i t i n g  s t e p .  
I n  t h e  c ase  o f  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n ,  t h i s  i s  c o n t r o l l e d  by 
t h e  i n c o m in g  a c c e p t o r ,  w h i c h  b i n d s  and a t t a c k s  t h e  
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  I n  t h e  c a s e  o f  t h e  h y d r o l y s i s  
r e a c t i o n ,  i t  i s  t h e  w a t e r  m o l e c u l e  a t t a c k i n g  t h e  g a m m a -g lu ta m y l  
i n t e r m e d i a t e  w h ic h  i s  t h e  r a t e  l i m i t i n g  s t e p .  T h u s ,  t h e  a d d i t i o n  o f  
m a le a t e  t o  t h e  r e a c t i o n  m i x t u r e  c a u s e s  t h e  h y d r o l y s i s  r a t e  l i m i t i n g  
s t e p  t o  i n c r e a s e ,  b u t  doe s  n o t  i n c r e a s e  t h e  t r a n s p e p t i d a t i o n  
r e a c t i o n ,  as m a le a t e  i s  a l r e a d y  bound t o  t h e  a c c e p t o r  s i t e .  From 
t h i s  s t a n d p o i n t  one can c o n c l u d e  t h a t  m a le a t e  i s  a b l e  t o  b i n d  t o
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b o t h  t h e  f r e e  enzyme,  as  i t  a c o m p e t i t i v e  i n h i b i t o r  w i t h  r e s p e c t  t o  
G-p -NA and i s  a b l e  t o  b i n d  t o  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e ,  as  i t  i n h i b i t s  t r a n s p e p t i d a t i o n  and s t i m u l a t e s  t h e  
h y d r o l y s i s  o f  t h e  i n t e r m e d i a t e .
T h u s ,  why does t h e  a d d i t i o n  o f  m a le a t e  n o t  i n h i b i t  t h e  
t r a n s p e p t i d a t i o n  o r  a u t o t r a n s p e p t i d a t i o n  r a t e s  o b s e r v e d  w i t h  G in  
( T a b l e  6 . 2 ) .  I f  m a le a t e  b i n d s  t o  t h e  enzyme b e f o r e  g l u t a m i n e  b i n d s ,  
t h e  r a t e  o f  f o r m a t i o n  o f  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e  i s  
i n c r e a s e d .  T h e re b y  i n c r e a s i n g  t h e  r a t e  o f  h y d r o l y s i s ,  and p o s s i b l y  
t h e  r a t e  o f  t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n  i f  t h e  
c o n c e n t r a t i o n s  o f  t h e  a c c e p t o r / d o n o r  a r e  h i g h  compared  t o  t h a t  o f  
m a l e a t e .  I n  t h i s  s t u d y  t h e  c o n c e n t r a t i o n  o f  G in  and g l y c y l g l y c i n e  
a r e  c o m p a r a b l e .  The o t h e r  d i a c i d s  s t u d i e d  ( T a b l e  6 . 3 )  a r e  a l l  a b l e  
t o  s t i m u l a t e  t h e  o v e r a l l  r a t e  t o  a c e r t a i n  d e g r e e ,  d e p e n d in g  upon 
t h e i r  s t r u c t u r e  and how t h e y  a r e  a b l e  t o  i n t e r a c t  w i t h  t h e  
c y s t e i n y l g l y c i n e  s i t e .
A s i m i l a r  c a t a l y t i c  e f f e c t  t o  t h a t  o f  m a l e i c  a c i d  was o b s e r v e d  
f o r  t h e  f i r s t  t i m e  w i t h  N - a c e t y l - a m i n o  a c i d s  i n  t h i s  s t u d y  ( 6 . 3 . 2 ) .  
I t  i s  h i g h l y  l i k e l y  t h a t  a l l  o f  t h e  N - s u b s t i t u t e d  am ino  a c i d s  
s t u d i e d  ( T a b l e  5 . 4 ) ,  N - f o r m y l - ,  N - a c e t y l -  and N - b e n z o y l - a m i n o  
a c i d s ,  b i n d  t o  t h e  same s i t e  as  t h a t  o f  m a l e i c  a c i d ,  nam e ly  t h e  
c y s t e i n y l g l y c i n e  ( a c c e p t o r )  s i t e .  The N - s u b s t i t u t e d - g l y c i ne 
d e r i v a t i v e s  w e re  shown t o  have  t h e  l a r g e s t  c a t a l y s i n g  e f f e c t ,  w h i c h  
d e c r e a s e d  as t h e  am ino  a c i d  s i d e  c h a i n  i n c r e a s e d  i n  l e n g t h .  T h i s  i s  
c o n s i s t e n t  w i t h  t h e s e  compounds b i n d i n g  t o  t h e  c a r b o x y  t e r m i n u s  o f  
t h e  c y s t e i n y l g l y c i n e  s i t e  ( g l y c i n e ) ,  as t h i s  p r e f e r e n c e  f o r  am ino  
a c i d s  w i t h  s m a l l  c h a i n  i n  t h i s  s i t e  was h i g h l i g h t e d  by t h e  a c c e p t o r  
c a p a b i l i t i e s  o f  a v a r i e t y  o f  g l y c y l - a m i n o  a c i d s  ( S e c t i o n  4 . 2 . 1 ) .  A 
n o t e w o r t h y  m e n t i o n  i s  t h e  l a c k  o f  c a t a l y s i n g  e f f e c t  o f  
N - b e n z o y l - s a r c o s i n e .  The a d d i t i o n  o f  an N - m e th y l  g r o u p  t o
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N - b e n z o y l - g l y c i n e  ( h i p p u r a t e ) ,  w h i c h  has p r e v i o u s l y  been shown t o  
have  a c a t a l y t i c  e f f e c t , ^ ^ 4 , 2 0 i seems u n f a v o u r a b l e  w i t h  r e s p e c t  
t o  b i n d i n g  t o  t h e  a c c e p t o r  s i t e .
S i n c e  t h e s e  c a t a l y s i n g  a g e n t s  as  w e l l  as t h e  c y s t e i n y l g l y c i n e  
m o i e t y  o f  g l u t a t h i o n e  e v i d e n t l y  b i n d  t o  t h e  same s i t e ,  i t  i s  
w o r t h w h i l e  c o m p a r in g  t h e i r  s t r u c t u r a l  s i m i l a r i t i e s .  F i g u r e
5 . 1 3  shows t h a t  t h e  s t r u c t u r e  o f  m a l e i c  a c i d  m im ic s  t h a t  o f  
N - a c e t y l - g l y c i ne ,  b o t h  o f  w h i c h  a r e  v e r y  s i m i l a r  i n  s t r u c t u r e  t o  
c y s t e i  n y l g l y c i n e .
F i g u r e  6 . 1 3 :  C o m p a r i s o n  o f  S t r u c t u r e s  o f  V a r i o u s  C a t a l y s i n g  A g e n t s
N-Acetyl-Glycine Maleic Acid
CH — CMNH CHz /  \
/  \  HO— C C - O H
CH.— C C----OH I) IIII 11 o Ô
O o
SH
CHp NH CHgI /  \NHp— CH----C , C OH
■ II aO o
Cysteinylglycine
These s t u d i e s  on t h e  e f f e c t  o f  m a le a te  and N - a c e t y l - g l y c i n e  upon 
t h e  enzyme a p p e a r  t o  i l l u m i n a t e  an a s p e c t  o f  t h e  n o rm a l  c a t a l y t i c  
r e a c t i o n ,  i n  w h i c h  t h e  b i n d i n g  o f  p a r t  o f  a m o l e c u l e  t o  t h e  g l y c i n e  
p o r t i o n  o f  t h e  a c c e p t o r  s i t e  ( c a r b o x y  t e r m i n u s ) ,  e v i d e n t l y  p r o m o te s
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r e a c t i v i t y  a t  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .  T h i s  c l e a r l y  p o i n t s  
t o  c o o p e r a t i v e  i n f l u e n c e s  i n  t h e  i n t e r a c t i o n s  o f  g a m m a -g lu ta m y l  
d o n o r s ,  a c c e p t o r s  and c a t a l y s i n g  a g e n t s  a t  t h e  g a m m a -g lu ta m y l  and 
c y s t e i n y l g l y c i n e  b i n d i n g  d o m a in s  o f  t h e  a c t i v e  s i t e  o f  GGT. T h u s ,  
one o f  t h e  m a in  r e a s o n s  why g l u t a t h i o n e  and G-p-NA a r e  b e t t e r  
d o n o r s  t h a n  G in  ( C h a p t e r  3 ) ,  i s  beca use  t h e y  a r e  a b l e  t o  i n t e r a c t  
w i t h  t h i s  s i t e  and t h u s ,  s t i m u l a t e  t h e i r  own h y d r o l y s i s .  T h i s  a l s o  
e x p l a i n s  why d i p e p t i d e s ,  e s p e c i a l l y  ami n o a c y l - g l y c i n e , have  much 
h i g h e r  a c t i v i t y  r a t i o s  t h a n  o t h e r  a c c e p t o r s ,  as t h e y  i n t e r a c t  w i t h  
t h e  g l y c i n e  s i t e  and so  s t i m u l a t e  t h e  r a t e  o f  t r a n s p e p t i d a t i o n .  
T h i s  c o n c l u s i o n  a l s o  e x p l a i n s  why some o f  t h e  non a c c e p t o r s  s t u d i e d  
e a r l i e r  ( C h a p t e r  4 ) ,  s t i m u l a t e d  t h e  r a t e  o f  h y d r o l y s i s  o f  G -p -N A .  
They re a c h e d  s a t u r a t i o n  p o i n t s  i n  t h e i r  c o n c e n t r a t i o n  g r a d i e n t s  
( S e c t i o n  4 , 2 . 2 ) ,  w i t h  s i m i l a r  Km v a l u e s  t o  t h o s e  o b s e r v e d  f o r  
m a l e i c  a c i d  and N - a c e t y l - g l y c i n e  ( F i g u r e  5 . 2 ) .  A l l  o f  t h e s e  non 
a c c e p t o r s  a r e  c a t a l y s i n g  a g e n t s  w h i c h  b i n d  t o  t h e  g l y c i n e  b i n d i n g  
s i t e .
R e c e n t  s t u d i e s  by A b o t t  e t  a l . 102  and G a r d e l l  e t  a l . i ° 3  
i n d i c a t e  t h a t  f r e e  b i l e  a c i d s  and t h e i r  g l y c i n e  and t a u r i n e  
c o n j u g a t e s  a f f e c t  t h e  enzyme i n  a manner  s i m i l a r  t o  h i p p u r a t e .  
How eve r ,  t h e  g l y c i n e  d e r i v a t i v e s  o f  b i l e  a c i d s  e x h i b i t  a much 
g r e a t e r  a f f i n i t y  f o r  GGT t h a n  h i p p u r a t e .  H o w eve r ,  t h e  e x a c t  n a t u r e  
o f  t h e  b i n d i n g  o f  t h e s e  compounds t o  t h e  enzyme i s  as  y e t  n o t  
u n d e r s t o o d .
5 . 4 . 2  I n h i b i t o r s  and M o d i f i e r s  o f  GGT
R e v e r s i b l e  and i r r e v e r s i b l e  i n h i b i t o r s  as w e l l  as a number  o f  
f u n c t i o n a l  g r o u p  m o d i f i e r s  have  been used on GGT and have  been 
u s e f u l  i n  s t u d y i n g  t h e  f u n c t i o n  and mechan ism o f  t h e  enzyme.
The r e v e r s i b l e  i n h i b i t i o n  o f  GGT by s e r i n e  i n  t h e  p r e s e n c e  o f
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b o r a t e  was f i r s t  d i s c o v e r e d  by R eve l  and B a l l ,  and t o  d a t e  e v e r y  
s o u r c e  i n c l u d i n g  t h o s e  s t u d i e d  i n  t h i s  w o r k ,  b o v i n e  k i d n e y  and 
C a c o -2  c e l l s  ( C h a p t e r  6 )  has  been shown t o  be i n h i b i t e d  by t h e  
s e r i n e - b o r a t e  c o m p le x .  The i n h i b i t i o n  by s e r i n e - b o r a t e  has  p r o v e n  a 
v a l u a b l e  t e s t  f o r  GGT, s i n c e  i t  was t h o u g h t  t h a t  n e i t h e r  compound 
a l o n e  i n h i b i t e d  t h e  enzyme.  H o w eve r ,  as shown p r e v i o u s l y  i n  C h a p t e r  
4 ,  s e r i n e  a t  h i g h  c o n c e n t r a t i o n  i s  a b l e  t o  i n h i b i t  t h e  enzyme 
s l i g h t l y ,  b u t  n o t  t o  t h e  e x t e n t  o f  t h a t  o f  t h e  s e r i n e - b o r a t e  
c o m p le x .
I t  has  been s u g g e s t e d  by  R eve l  & B a l l i z * ,  t h a t  t h e  s e r i n e  
m o l e c u l e  i s  a b l e  t o  b i n d  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  o f  t h e  
enzyme,  o c c u p y i n g  t h e  r e g i o n  t h a t  a c c e p t s  t h e  a - a m in o  arid 
a - c a r b o x y l  g r o u p s  o f  t h e  g a m m a -g lu ta m y l  d o n o r .  The b o r a t e  a n i o n  
p r e s u m a b l y  f o r m s  a b r i d g e - c o m p l e x  be tween  t h e  h y d r o x y l  g r o u p  o f  
s e r i n e  and a n u c l e o p h i l i c  g r o u p  o f  t h e  a c t i v e  s i t e  ( s e e  F i g u r e  
5 . 1 4 ) .  T h i s  s e r i n e - b o r a t e  c o m p le x  bound t o  t h e  enzyme p r o b a b l y  
r e s e m b le s  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e ,  and i n h i b i t s  t h e  
b i n d i n g  and h y d r o l y s i s  o f  a g a m m a -g lu ta m y l  d o n o r ,  t h u s  s h o w in g  
c o m p e t i t i v e  i n h i b i t i o n .  D e s p i t e  s u g g e s t i n g  t h i s ,  t h e  a u t h o r s  d i d  
n o t  s u g g e s t  t h a t  s e r i n e  a l o n e  c o u l d  n o t  c o m p e t i t i v e l y  i n h i b i t  w i t h  
r e s p e c t  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e ,  as  t h i s  s t u d y  has  now 
showmn ( C h a p t e r  4 ) .  I t  has  p r e v i o u s l y  been shown by G a r d e l l  e t  
a l . 103 t h a t  t h e  b o r a t e  c o m p le x e s  w i t h  D - s e r i n e  and 
a - m e t h y l - s e r i ne a r e  a l s o  c o m p e t i t i v e  i n h i b i t o r s ,  t h u s  s u p p o r t i n g  
e v i d e n c e  t h a t  t h e y  do b i n d  t o  t h e  g a m m a -g lu ta m y l  d o n o r  s i t e  w h i c h  
has been shown t o  e x h i b i t  a b r o a d  s t e r e o s p e c i f i c i t y  ( C h a p t e r  3 ) .
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F i g u r e  5 . 1 4 ;  S t r u c t u r a l  C o m p a r i s o n  o f  V a r i o u s  GGT I n h i b i t o r s  w i t h  
t h e  Gamma- G 1 u ta m y l -E n z y m e  I n t e r m e d i a t e
H N -C H
A) THE EXPECTED GAMMA-GLUTAMYL ENZYME INTERMEDIATE.
B) THE PROPOSED ENZYME SERINE-BORATE COMPLEX
C) THE PROPOSED ENZYME AZASERINE INHIBITOR
D) THE PROPOSED ENZYME AT-125 INHIBITOR
T h i s  s t u d y  u s e s  a v a r i e t y  o f  a n a lo g u e s  based  on t h e  
s e r i n e - b o r a t e  c o m p le x  t o  e x t e n d  t h e  p r o b i n g  o f  t h e  g a m m a -g lu ta m y l  
b i n d i n g  s i t e .  The b l o c k i n g  o f  t h e  h y d r o x y l  g ro u p  o f  s e r i n e ,  by 
means o f  a m e th y l  g r o u p ,  i n  t h e  f o r m  o f  s e r i n e - O - m e t h y l  e t h e r ,  
p r o h i b i t s  t h e  f o r m a t i o n  o f  a c o m p le x  w i t h  b o r a t e .  The e t h e r  i n  t h e  
p r e s e n c e  o f  b o r a t e  i s  u n a b l e  t o  b l o c k  t h e  g a m m a -g lu ta m y l  b i n d i n g  
s i t e  and t h u s  does  n o t  i n h i b i t  t h e  enzyme ( F i g u r e  5 . 7 ) .  T h i s  
c o n f i r m s  t h a t  i t  i s  i n d e e d  t h e  s e r i n e - b o r a t e  c o m p le x  t h a t  i n h i b i t s  
t h e  enzyme.
A n o v e l  f i n d i n g ,  was t h a t  t h e  m e th y l  e s t e r  o f  t h e  s e r i n e - b o r a t e  
c o m p le x  i s  a l s o  a c o m p e t i t i v e  i n h i b i t o r  w i t h  r e s p e c t  t o  t h e  
g a m m a -g lu ta m y l  d o n o r .  I f  one  assumes t h a t  t h e  m e th y l  e s t e r  c o m p le x  
i n h i b i t s  i n  t h e  same m anne r  as t h e  f r e e  a c i d ,  w h ic h  seems l i k e l y  
f r o m  t h e  d a t a  ( F i g u r e  5 . 7 ) ,  t h i s  s u g g e s t s  t h a t  t h e  g a m m a -g lu ta m y l  
b i n d i n g  s i t e  i s  a b l e  t o  a c c e p t  t h e  m e th y l  e s t e r  as w e l l  as  t h e  f r e e
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a c i d  o f  t h e  a - c a r b o x y l i c  a c i d  g r o u p .  T h i s  e x t e n d s  t h e  d e t a i l e d  
s t u d i e s  o f  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  i n  C h a p t e r  3,  
w h i c h  showed t h a t  t h e  a - c a r b o x y l i c  a c i d  g r o u p  was n e c e s s a r y  f o r  t h e  
b i n d i n g  o f  t h e  d o n o r  ( T a b l e  3 . 2 ) .  I n  t h e  l i g h t  o f  t h e  f i n d i n g s  
i n  t h i s  c h a p t e r  i t  i s  p o s s i b l e  t h a t  o n l y  t h e  a - c a r b o n y l  g ro u p
i s  r e q u i r e d  f o r  b i n d i n g  t o  t a k e  p l a c e .  T h i s  a r e a  o b v i o u s l y  r e q u i r e s  
f u r t h e r  i n v e s t i g a t i o n s ,  p e r h a p s  a l o n g  t h e  l i n e s  o f  t h e  a - m e t h y l  
e s t e r  o f  g a m m a - g l u t a m y l - p - n i t r o a n i 1 i de .
The n o v e l  i n h i b i t o r ,  L - s e r i n e - O - p h o s p h a t e  has  been shown t o  
e x h i b i t  s i m i l a r  i n h i b i t i n g  p r o p e r t i e s  t o  t h e  a n a lo g o u s  
s e r i n e - b o r a t e  c o m p le x  ( F i g u r e  5 . 8  & 5 . 8 ) ,  p r e s u m a b l y  w i t h  t h e  
p h o s p h a t e  g r o u p  f o r m i n g  t h e  t e t r a h e d r a l  l i n k a g e  b e tw e en  t h e  
h y d r o x y l  g r o u p  o f  t h e  s e r i n e  and a n u c l e o p h i l i c  g r o u p  o f  t h e  
enzyme i n  a s i m i l a r  manner  t o  t h a t  o f  t h e  b o r a t e .
T h r e o n i n e  has p r e v i o u s l y  been shown t o  i n h i b i t  w i t h  r e s p e c t  t o
b i n d i n g  t o  t h e  g a m m a -g lu ta m y l  s i t e  ( F i g u r e  4 . 4 ) ,  l i k e  t h a t
o f  s e r i n e  d i s c u s s e d  e a r l i e r  i n  t h i s  s e c t i o n .  T h r e o n i n e  b e in g  
b r a n c h e d  a t  t h e  P - c a r b o n ,  seems t o  b i n d  more  s t r o n g l y  t o  t h e  s i t e  
as i t  has a l a r g e r  i n h i b i t i n g  e f f e c t  t h a n  s e r i n e .  On t h e  f o r m a t i o n  
o f  t h e  b o r a t e  c o m p le x  t h e  i n h i b i t i n g  e f f e c t  o f  t h r e o n i n e  i s  
r e d u c e d  ( F i g u r e  5 . 9 ) .  T h i s  may be due t o  t h e  c o m p le x  b e i n g  t o o  
b u l k y  t o  f i t  i n t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .  T h i s  w o u ld  
be i n  a r g e e m e n t  w i t h  t h e  p r e v i o u s  f i n d i n g s ,  t h a t  t h e  g a m m a -g lu ta m y l  
b i n d i n g  s i t e  i s  v e r y  s e n s i t i v e  t o  t h e  s i z e  and s hape  o f  d o n o r s  and 
i  n h i  b i  t o r s .
I n c u b a t i o n  w i t h  t h e  known g l u t a m i n e  a n t a g o n i s t s ,  L - a z a s e r i n e ,  
d i a z o - 5 - o x o - n o r l e u c i n e  (DON) and a c i v i c i n  ( A T - 1 2 5 ) ,  has  been shown 
by s e v e r a l  w o r k e r s , i 2 1 , 2 0 3  t o  i r r e v e r s i b l y  i n a c t i v a t e  GGT. T h i s  
i n a c t i v a t i o n  was o b s e r v e d  i n  t h i s  s t u d y  ( F i g u r e  5 . 1 0  & 5 . 1 1 ) .  T a t e
e t  a l , 1 2 6 u s i n g  r a d i o l a b e l l e d  DON, s u g g e s te d  t h a t  t h e  compounds
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r e a c t  c o v a l e n t l y  a t  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e ,  m i m i c k i n g  t h e  
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e  as d e p i c t e d  by F i g u r e  5 . 1 4 .  The 
DON and a z a s e r i n e  i n h i b i t o r s  a r e  t h o u g h t  t o  b i n d  v i a  an h y d r o x y  
am ino  a c i d  r e s i d u e  i n  t h e  a c t i v e  s i t e  ( s e r i n e  o r  t h r e o n i n e ) , i o 7 
w h e re a s  t h e  b i n d i n g  o f  A T -12 5  p r o b a b l y  i n v o l v e s  a d i f f e r e n t  
r e s i d u e . 30
An a n a lo g y  can  be d ra w n  b e tw e en  t h e  t r a n s i t i o n  s t a t e s  o f  GGT and 
t h o s e  o f  s e r i n e  p r o t e a s e s .  A l k y l  and a r y l  b o r o n i c  a c i d s  have  been 
shown t o  f o r m  t e t r a h e d r a l  a d d u c t s  w i t h  t h e  h y d r o x y l  g r o u p  o f  t h e  
s e r i n e  r e s i d u e  a t  t h e  c a t a l y t i c  s i t e  o f  b o t h  t h e s e  enzymes ( s e e  
S e c t i o n  1 . 8 ) . 2 0 5
W i t h  t h e  use  o f  c o m p u t e r  m o d e l l i n g  i n  t h i s  s t u d y ,  e n e r g y  
m i n i m i s e d  c o n f o r m a t i o n s  o f  t h e  i n h i b i t o r s  w e re  f i t t e d  t o  t h e  
g a m m a -g lu ta m y l  m o i e t y .  F i g u r e  5 . 1 5  shows t h a t  a z a s e r i n e  ( o r  DON) i s  
a b l e  t o  b i n d  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  f o r m i n g  an 
i r r e v e r s i b l e  l i n k a g e  v i a  t h e i r  t e r m i n a l  h y d r o x y l  g r o u p s .  F i g u r e  
5 . 1 6  shows t h e  c o r r e s p o n d i n g  f i t  f o r  A T -1 2 5 ,  t h e  c h l o r i n e  a tom o f  
AT -125  i s  i n  c l o s e  p r o x i m i t y  t o  t h e  g a m m a -c a rb o n y 1 o f  t h e  
g a m m a -g lu ta m y l  m o i e t y ,  so  b o t h  t h e  g a m m a -c a rb o n y l  and t h e  c h l o r i n e  
may be a b l e  t o  i n t e r a c t  w i t h  a 5+ g r o u p  i n  t h e  a c t i v e  s i t e  o f  t h e  
enzyme.
The p r e s e n t  s t u d i e s  c o n f i r m  t h o s e  o f  T a t e  e t  a l . , 201  who 
showed t h a t  t h e  r a t e s  o f  i n a c t i v a t i o n  by a z a s e r i n e  and AT -125  
d e c r e a s e d  i n  t h e  p r e s e n c e  o f  compounds t h a t  com pe te  f o r  t h e  
g a m m a -g lu ta m y l  b i n d i n g  s i t e .  T h i s  w o rk  used  t h e  s e r i n e - b o r a t e  
c o m p le x  w h i l e  T a t e  & M e i s t e r 3 o  used g l u t a t h i o n e  and g l u t a m i n e ,  
w h i c h  have  a s i m i l a r  e f f e c t .  The i n a c t i v a t i o n  r a t e  was m a r k e d l y  
a c c e l e r a t e d  by t h e  a d d i t i o n  o f  m a l e i c  a c i d  a c a t a l y s i n g  a g e n t ,  
w h i c h  i n  a c c o r d a n c e  w i t h  t h e  d i s c u s s i o n  i n  S e c t i o n  5 . 4 . 1 ,  l e a d s  t o  
a c o o p e r a t i v e  e f f e c t  o f  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .
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F i g u r e  5 . 1 5 :  C o m pu te r  M o d e l l i n g  o f  E ne rgy  M i n i m i s e d  
o f  A z a s e r i n e  F i t t e d  t o  t h e  Gamma-Glu tamy l M o i e t y
C o n f o r m a t i o n s
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F i g u r e  5 . 1 6 :  C om pu te r  M o d e l l i n g  o f  E n e rg y  M i n i m i s e d  C o n f o r m a t i o n s  
o f  AT -125  F i t t e d  t o  t h e  Gamm a-G lu tamy l  M o i e t y
The a n a lo g u e s  o f  a z a s e r i n e  and DON, s e r i n e - O - a c e t y l  and 
5 - o x o - n o r l e u c i ne r e s p e c t i v e l y ,  have  been s t u d i e d  h e r e  f o r  t h e  f i r s t  
t i m e  w i t h  GGT. They we re  f o u n d  t o  be p o o r  a c c e p t o r s ,  w i t h  a s m a l l  
i n h i b i t i n g  e f f e c t  a t  h i g h  c o n c e n t r a t i o n .  The absence  o f  t h e  
h y d r o x y l  g r o u p  on t h e  end o f  t h e  s i d e  c h a i n s ,  means t h e s e  compounds 
a r e  u n a b le  t o  f o r m  c o v a l e n t  bonds  w i t h  t h e  h y d r o x y l  i n  t h e  a c t i v e  
s i t e .  As a r e s u l t  t h e y  do n o t  show any i r r e v e r s i b l e  i n a c t i v i a t i o n
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n a t u r e .  The p o o r  a c c e p t o r  q u a l i t i e s  o f  t h e s e  am ino  a c i d s  
( s e r i n e - O - a c e t y l  and 5 - o x o - n o r l e u c i n e ) , i s  p u z z l i n g ,  as  t h e i r  s i d e  
c h a i n s  a r e  t h e  same l e n g t h  as  t h a t  o f  n o r l e u c i n e ,  a good a c c e p t o r  
( C h a p t e r  4 ) .  The re a s o n  f o r  t h i s  may be t h e  g a m m a -c a rb o n y l  g r o u p ,  
w h ic h  may b i n d  w e a k l y  w i t h  a s i t e  i n  t h e  g l u t a m y l  b i n d i n g  s i t e ,  i n  
a s i m i l a r  s i t u t a t i o n  as t h a t  o f  t h e  c h l o r i n e  o f  A T -1 2 5 .  H o w e v e r ,  i f  
t h i s  was t h e  c a s e ,  g l u t a m i c . . . a c i d  w o u ld  show some i n h i b i t o r y  e f f e c t .  
I n s t e a d ,  i t  i s  a m o d e r a t e  a c c e p t o r  s h o w in g  no i n h i b i t o r y  n a t u r e ,  
Thus ,  t h i s  a r e a  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  O t h e r  s t u d i e s  by 
T a t e  & M e i s t e r e o  i n v o l v i n g  a n a lo g u e s  o f  a z a s e r i n e  and DON, t h o s e  
w i t h  o n l y  f i v e  c a r b o n  a to m s  i e :  d i a z o - n o r v a l i n e  and i t s
c h l o r o - k e t i ne d e r i v a t i v e  (CONV) w e re  f o u n d  n o t  t o  i n h i b i t  t h e  
enzyme GGT. T h i s  c o n s o l i d a t e s  t h e  f i n d i n g s  i n  t h i s  w o rk  t h a t  t h e  
g a m m a -g lu ta m y l  b i n d i n g  s i t e  i s  h i g h l y  s p e c i f i c  as  f a r  as s i z e  i s  
c o n c e r n e d ,  as shown f o r  e x a m p le  by t h e  non h y d r o l y s i s  o f  p - a s p a r t y l  
d o n o r s  ( C h a p t e r  3 ) .
O t h e r  compounds s t u d i e d  e x t e n s i v e l y  w h i c h  have been shown t o  be 
i n h i b i t o r s  a r e  t h e  g a m m a -g lu ta m y l  h y d r a z o n e s  o f  a number  o f  a - k e t o  
a c i d s . 93 They have been shown t o  be i n a c t i v e  as g a m m a -g lu ta m y l  
d o n o r s  o r  a c c e p t o r s  b u t  a r e  c o m p e t i t i v e  i n h i b i t o r s  w i t h  r e s p e c t  t o  
t h e  g a m m a -g lu ta m y l  d o n o r  and n o n - c o m p e t i t i v e  i n h i b i t o r s  w i t h  
r e s p e c t  t o  g l y c y l g l y c i n e .  The m o s t  p o t e n t  a r e  t h e  g a m m a -g lu ta m y l  
h y d r a z o n e s  o f  p y r u v a t e  and  a - k e t o g l u t a r a t e . O t h e r  w o r k e r s i o *  
showed t h a t  g a m m a -g lu ta m y l  h y d r a z i d e  i t s e l f  was a s u b s t r a t e ,  b u t  
n e i t h e r  t h i s  compound n o r  t h e  f r e e  a - k e t o  a c i d s  we re  shown t o  be 
i n h i b i t o r s .  G r i f f i t h i  21 showed t h a t  t h e  g a m m a -g lu ta m y l
p h e n y l h y d r a z i des a r e  p a r t i c u l a r l y  p o t e n t  i n h i b i t o r s .  The m os t
p o t e n t  o f  a l l  a r e  t h e  L -  and D - i s o m e r s  o f  g a m m a -g lu ta m y l
( o - c a r b o x y ) - p h e n y l h y d r a z i d e  ( a n t h g l u t i n ) , a c o m p e t i t i v e  i n h i b i t o r  
f o r  v a r i o u s  GGT s o u r c e s , i i 3  b u t  shown n o t  t o  i n h i b i t  o t h e r
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enzymes r e l a t i n g  t o  t h e  m e t a b o l i s m  o f  g l u t a m i c  a c i d . *
I n t e r e s t i n g l y ,  g a m m a - g l u t a m y l - ( p - c a r b o x y )  p h e n y l h y d r a z i de i s  much 
l e s s  e f f e c t i v e  as an i n h i b i t o r . 9 3 T h i s  o b s e r v a t i o n  may be 
e x p l a i n e d  i n  t h i s  s t u d y  by t h e  use o f  c o m p u t e r  m o d e l l i n g  as  shown 
i n  F i g u r e  5 . 1 7 .  The o r t h o  d e r i v a t i v e  i s  f i t t e d  t o  an e n e r g y  
m i n i m i z e d  X - r a y  s t r u c t u r e  o f  g l u t a t h i o n e  and i s  a b l e  t o  f i t  s n u g l y  
i n t o  t h e  shape  o f  t h e  g l u t a t h i o n e i ® 2 ( r e p r e s e n t i n g  t h e  a c t i v e  
s i t e ) ,  t h i s  e x p l a i n s  why i t  i s  such  a good i n h i b i t o r .  However  t h e  
p a r a -  d e r i v a t i v e  as  shown i n  F i g u r e  5 . 1 8 ,  i s  c l e a r l y  l o n g e r  t h a n  
t h e  a c t i v e  s i t e  w i l l  p e r m i t .  As a r e s u l t ,  i t  i s  o n l y  a b l e  t o  b i n d  
t o  t h e  g a m m a -g lu ta m y l  s i t e ,  w h i l e  t h e  r e s t  o f  t h e  m o l e c u l e  
p r o t r u d e s  . o u t  o f  t h e  a c t i v e  s i t e  and as s u c h  i s  n o t  s u c h  a p o t e n t  
i n h i b i t o r  as  i t s  o r t h o -  d e r i v a t i v e .
Many v a r i e d  s t u d i e s  have  been c a r r i e d  o u t  o v e r  t h e  y e a r s  t o  t r y  
and a s c e r t a i n  w h a t  t y p e  o f  am ino  a c i d  s i d e  c h a i n s  a r e  p r e s e n t  i n  
t h e  a c t i v e  s i t e  and i m p o r t a n t  f o r  t h e  c a t a l y t i c  a c t i o n  o f  GGT.
The r e s u l t s  o f  t h e  p r e - i n c u b a t i o n  w i t h  i o d o a c e t a m i d e  i n  t h i s  
s t u d y  ( F i g u r e  5 . 1 2 ) ,  showed a marked i n c r e a s e  i n  t h e  r a t e  o f  
i n a c t i v a t i o n  i n  t h e  p r e s e n c e  o f  m a l e i c  a c i d ,  s u p p o r t i n g  e v i d e n c e  
f o r  a c o o p e r a t i v e  e f f e c t  b e tw e en  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  
and t h e  c y s t e i n y l g l y c i n e  s i t e .  I n  t h e  p r e s e n c e  o f  t h e  s e r i n e - b o r a t e  
c o m p le x ,  t h e  r a t e  o f  i n a c t i v a t i o n  was g r e a t l y  r e d u c e d .  These  
f i n d i n g s  s u g g e s t  t h a t  t h e  a c t i v e  r e s i d u e  w h i c h  i s  b e i n g  i n a c t i v a t e d  
by i o d o a c e t a m i d e  i s  i n  o r  n e a r  t h e  a c t i v e  s i t e  p a r t i c u l a r l y  t h e  
g a m m a -g lu ta m y l  b i n d i n g  s i t e .  The p a r a l l e l  w o rk  by E l c e , i 9 i  
s u g g e s t e d  t h a t  t h e  a c t i v e  r e s i d u e  may w e l l  be t h e  r e s i d u e  w h ic h  
a c t s  as a n u c l e o p h i l e  and a t t a c k s  t h e  gamma-amide bond o f  a d o n o r .
- 1 7 3 -
INHIB ITO RS & CATALYSING AGENTS
F i g u r e  5 . 1 7 :  C o m pu te r  M o d e l l i n g  o f  Ene rgy  M i n i m i z e d  C o n f o r m a t i o n s  
o f  b o t h  o r t h o -  and p a r a -  d e r i v a t i v e s  o f  g a m m a -g lu ta m y 1 -  
( c a r b o x y ) - p h e n y l h y d r a z i de .
P h e n y l m e t h a n e s u l f o n y l f l u o r i d e ,  a r e a g e n t  t h a t  i n a c t i v a t e s
s e r i n e - c l a s s  p e p t i d a s e s  and p r o t e i n a s e s ,  has been shown t o  
i n a c t i v a t e  GGT f r o m  r a t  k i d n e y  by E l c e . i o i  They f o u n d  t h a t  t h e  
r a t e  o f  i n a c t i v a t i o n  was m a r k e d l y  a c c e l e r a t e d  by m a le a t e  as i n  t h e  
case  o f  t h e  i r r e v e r s i b l e  i n h i b i t o r s .  The w o r k e r s  c o n c l u d e d  t h a t  
t h i s  r e a g e n t  m o d i f i e d  t h e  same h y d r o x y l  g r o u p  o f  t h e  a c t i v e  c e n t r e ,  
t h a t  has  been a f f i n i t y  l a b e l l e d  by compounds such  as DON and 
L - a z a s e r i n e .
— 17 4—
INHIB ITO RS & CATALYSING AGENTS
G a r d e n  e t  a l J 2 a r e p o r t e d  t h a t  t h e  t r a n s p e p t i d a s e  and
p r o t e i n a s e  a c t i v i t i e s  o f  GGT were  u n a f f e c t e d  by p r o t e i n a s e
i n h i b i t o r s  s uch  as 1 - c h l o r o - 3 - t o s y l a m i d e - 7 - a m i n o - 2 - h e p t a n o n e ,
1 - t o s y 1 a m i d e - 2 -  p h e n y l e t h y l  c h l o r o m e t h y l  k e t o n e ,  a n t i p a i n  and 
l e u p a i n ,  as w e l l  as s h o w in g  no a c t i v i t y  t o w a r d s  model p r o t e i n a s e  
s u b s t r a t e s .
C a p ra ro z o z  showed t h a t  p r e i n c u b a t i o n  w i t h
p - c h l o r o m e r c u r i b e n z o a t e  o r  5 , 5 ’ - d i t h i o l ( 2 - n i t r o  b e n z o a t e )  e i t h e r  i n  
t h e  abse nce  o r  p r e s e n c e  o f  m a le a t e  d i d  n o t  a f f e c t  t h e  a c t i v i t y  o f  
GGT. T h i s  s u g g e s t s  t h a t  a s u l f h y d r y l  g r o u p  may n o t  be i n v o l v e d ;  
h o w e v e r  t h e  a u t h o r s  d i d  n o t  e x c l u d e  t h e  p o s s i b i l i t y  o f  a b u r i e d  SH 
g r o u p .
S c h a s te e n  e t  a l .  2 0 3  f o u n d  t h a t  enzyme i n a c t i v a t i o n  was 
a c h i e v e d  w i t h  p h e n y l g l y o x a l , a c h e m ic a l  m o d i f y i n g  a g e n t ,  s p e c i f i c  
f o r  a r g i n y l  r e s i d u e s .  P r o t e c t i o n  a g a i n s t  i n a c t i v a t i o n  o f  
p h e n y l g l y o x a l  by g l u t a t h i o n e  p r o v i d e d  e v i d e n c e  t h a t  e l e c t r o s t a t i c  
i n t e r a c t i o n s  ( c a r b o x y l  m o i e t y  t o  a r g i n y l )  may be i m p o r t a n t  i n  t h e  
b i n d i n g  o f  g l u t a t h i o n e  t o  t h e  g l y c i n e  ( a c c e p t o r )  s u b s i t e .
I t  was p o s t u l a t e d  by M i n t o 2 os t h a t  t r e a t m e n t  w i t h  t h e
d i a z o n i u m  d e r i v a t i v e s  o f  p - a m i n o - h i p p u r a t e  and p - a m in o b e n z o a t e  
r e s u l t e d  i n  r a p i d  l o s s  o f  a c t i v i t y ,  due t o  s p e c i f i c  c r o s s - l i n k i n g  
o f  t h e  tw o  s u b u n i t s  o f  t h e  enzyme.  T h i s  c r o s s - l i n k i n g  o f  t h e  
s u b u n i t s  was p r e v e n t e d  by t h e  a d d i t i o n  o f  m a l e a t e ,  t h u s  p r e v e n t i n g  
i n a c t i v a t i o n .  They c o n c l u d e d  t h a t  t h e  a c c e p t o r  b i n d i n g  s i t e  was 
l o c a t e d  i n  an i n t e r s u b u n i t  c o n t a c t  r e g i o n ,  t h u s  t h e  a c t i v e  s i t e  o f  
t h e  enzyme may have d o m a ins  c o n t r i b u t e d  t o  by b o t h  s u b u n i t s  o f  t h e  
e n z y m e .
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5 . 5  S U M M A R V ^
1) The c a t a l y s i n g  a g e n t s ,  n a m e ly  m a l e i c  a c i d ,  N - a c e t y l - g l y c i n e  
( a  n o v e l  c a t a l y s i n g  a g e n t )  and o t h e r  N - s u b s t i t u t e d - g l y c i ne 
d e r i v a t i v e s ,  s t i m u l a t e  t h e  r a t e  o f  t h e  h y d r o l y s i s  r e a c t i o n  and 
i n h i b i t  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n ,  by b i n d i n g  t o  t h e  a c c e p t o r  
s i t e  ( g l y c i n e  s i t e )  o f  t h e  enzym e.  The o v e r a l l  r a t e  o f  u t i l i s a t i o n  
o f  t h e  d o n o r  i s  i n c r e a s e d .
2 )  The c a t a l y s i n g  a g e n t s  a r e  a b l e  t o  b i n d  t o  b o t h  t h e  f r e e  enzyme 
and t h e  g a m m a - g lu t a m y l - e n z y m e  i n t e r m e d i a t e .  T h i s  s t i m u l a t e s  b o t h  
t h e  f o r m a t i o n  a n d / o r  f o r m a t i o n  o f  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e  d e p e n d in g  upon t h e  d o n o r .
3 )  T h e re  i s  a c o o p e r a t i v e  e f f e c t  be tween  t h e  c y s t e i n y l - g l y c i ne 
a c c e p t o r  s i t e  and t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .  I f  a m o i e t y  i s
a b l e  t o  i n t e r a c t  w i t h  t h e  c a r b o x y l  t e r m i n u s  o f  t h e  g l y c i n e  b i n d i n g
s i t e ,  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  becomes more  r e a c t i v e .  T h i s  
c o o p e r a t i v e  e f f e c t  i s  seen  w i t h  c a t a l y s i n g  a g e n t s ,  good d o n o r s  ( i e :  
G - p - N A ) ,  and good a c c e p t o r s  ( i e :  a m i n o a c y 1 - g l y c i ne d i p e p t i d e s ) .
4 )  The use o f  s e r i n e - b o r a t e  a n a lo g u e s  and a n a lo g u e s  o f  a z a s e r i n e  
and DON have c o n f i r m e d  and e x t e n d e d  t h e  s t r u c t u r a l  r e q u i r e m e n t s  o f  
t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  ( a s  i n v e s t i g a t e d  i n  C h a p t e r  3 ) ,  i e :  
n o n - s t e r e o s p e c i f i c i t y  and c h a i n  l e n g t h .  A l s o  t h e  p o s s i b i l i t y  i s
s u g g e s t e d  t h a t  o n l y  t h e  a - c a r b o n y l  o f  t h e  a - c a r b o x y l i c  a c i d  i s
r e q u i r e d ,  a l o n g  w i t h  t h e  a - a m in o  g r o u p .
5 )  N ove l  i n h i b i t o r s  a n a l o g o u s  t o  s e r i n e - b o r a t e ,  w e re  f o u n d  t o
c o m p e t i t i v e l y  i n h i b i t  w i t h  r e s p e c t  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  
s i t e .  These i n c l u d e ,  s e r i n e - O - p h o s p h a t e  and s e r i n e  m e th y l  
e s t e r - b o r a t e  c o m p le x e s .
6 )  The i r r e v e r s i b l e  i n h i b i t o r s ,  a z a s e r i n e  and AT -125  b i n d  t o  t h e  
g a m m a -g lu ta m y l  s i t e ,  t h u s  p r e v e n t i n g  t h e  b i n d i n g  and 
h y d r o l y s i s  o f  g a m m a -g lu ta m y l  d o n o r s .
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7)  The i r r e v e r s i b l e  i n h i b i t o r s ,  a z a s e r i n e  and DON, f o r m  an c o v a l e n t  
l i n k a g e  be tw e en  t h e  h y d r o x y l  g r o u p  on t h e i r  s i d e  c h a i n s  and an 
h y d r o x y l  f r o m  an am ino  a c i d  r e s i d u e  ( s e r i n e  o r  t h r e o n i n e )  i n  o r  
n e a r  t h e  a c t i v e  s i t e .  I t  can be h y p o t h e s i s e d  t h a t  t h e s e  c o v a l e n t l y  
bound i n h i b i t o r s  m im ic  t h e  s t r u c t u r e  o f  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e .
8 ) The i r r e v e r s i b l e  i n h i b i t o r  A T -1 2 5 ,  i s  a l s o  a b l e  t o  b i n d  t o  t h e  
g a m m a -g lu ta m y l  b i n d i n g  s i t e ,  w he re  t h e  c h l o r i n e  o f  AT -125  i n t e r a c t s  
w i t h  a 6 + s i t e  i n  t h e  a c t i v e  s i t e .
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6.1 X N TR Q D U O ~r XOIM
S i n c e  f i r s t  p r o p o s i n g  t h e  g a m m a -g lu ta m y l  c y c l e ,  M e i s t e r 2 8 , 2 s 
has h y p o t h e s i s e d  t h a t  t h e  c y c l e  m i g h t  be a mechan ism f o r  t h e  u p t a k e  
o f  am ino  a c i d s  and s m a l l  p e p t i d e s  i n  c e l l s .  The c a t a l y t i c  a c t i o n  o f  
GGT i s  t h o u g h t  t o  be a s t e p  i n  t h e  c o n c e r t e d  a c t i o n  o f  t h i s  
t r a n s l o c a t i o n  m echan ism ,  and t h e  g a m m a -g lu ta m y l  m o i e t y  s e r v i n g  as  a 
c a r r i e r  ( s e e  S e c t i o n  1 . 5 ) . 2 8 , 2 9 , 3 2  H o w eve r ,  t h e r e  i s  s t i l l  
s i g n i f i c a n t  d e b a t e  s u r r o u n d i n g  t h e  h y p o t h e s i s  t h a t  t h e  
g a m m a -g lu ta m y l  c y c l e  i s  i n v o l v e d  i n  t h e  t r a n s p o r t  o f  am ino  a c i d s  i n  
mammal ian c e l l s .  I n  t h i s  c h a p t e r ,  t h e  t r a n s p o r t  o f  am ino  a c i d s  and 
d i p e p t i d e s  t h r o u g h  C a c o -2  c e l l  m o n o la y e r s  i s  i n v e s t i g a t e d  w i t h  
r e g a r d  t o  t h e  p o s s i b l e  i n v o l v e m e n t  o f  GGT i n  t h i s  t r a n s l o c a t i o n  
p r o c e s s .  Human c o l o n  c a r c i n o m a  c e l l s  ( C a c o - 2 ) ,  a r e  s t r u c t u r a l l y  and 
f u n c t i o n a l l y  r e p r e s e n t a t i v e  o f  t h e  s m a l l  i n t e s t i n e
e p i t h e l i u m i 7 ' i 8 and p r o v i d e  an i d e a l  i n  v i t r o  model s y s te m  f o r  
s t u d y i n g  t h e  a b s o r p t i o n  a n d / o r  t r a n s p o r t  o f  n u t r i e n t s  i n  t h e
i n t e s t i n a l  m u c o s a . 6 0 , 2 0 8
B e f o r e  t h e  i n v o l v e m e n t  o f  GGT i n  t h e  t r a n s p o r t  o f  am ino  a c i d s  
and d i p e p t i d e s  can be i n v e s t i g a t e d  by u s i n g  C a c o -2  c e l l  m o n o l a y e r s ,  
i t  was n e c e s s a r y  t o  e s t a b l i s h  t h e  p r e s e n c e  o f  GGT i n  C a c o -2  c e l l s .  
The C a co -2  c e l l s  we re  a s s a y e d  f o r  GGT, and q u a n t i f i e d  w i t h  r e s p e c t  
t o  number o f  c e l l s ,  p e r  a r e a  and as t h e  c e l l s  m a t u r e .  S u b s e q u e n t l y  
t h e  e n z y m a t i c  c a t a l y s i n g  p r o p e r t i e s  o f  t h i s  i n  v i v o  s o u r c e  w e re  
i n v e s t i g a t e d  and com pared  w i t h  t h o s e  o f  t h e  enzyme f r o m  b o v i n e  
k i d n e y  ( i n  v i t r o )  as d e s c r i b e d  i n  C h a p t e r s  3 - 5 .  T h i s  i n v o l v e d  
a s s e s s i n g  t h e  a c t i v i t y  r a t i o s  o f  v a r i o u s  am ino  a c i d  and d i p e p t i d e  
a c c e p t o r s ,  as w e l l  as i n v e s t i g a t i n g  t h e  c o n c e n t r a t i o n  p r o f i l e  o f  
g l y c y l g l y c i n e .  I n h i b i t i o n  o f  t h e  enzyme (GGT) p r e s e n t  i n  t h e  C a c o -2  
was a l s o  s t u d i e d ,  and com pared  w i t h  t h e  r e s u l t s  f r o m  t h e  i n  v i t r o  
enzyme ( C h a p t e r  5 ) .  These  s t u d i e s  we re  c a r r i e d  o u t  as a p r e l u d e  t o
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i n h i b i t i n g  GGT, t o  i n v e s t i g a t e  t h e  i n v o l v e m e n t  o f  t h i s  enzyme i n  
t h e  t r a n s p o r t  o f  am ino  a c i d s  and d i p e p t i d e s  t h r o u g h  t h e  C a c o -2  c e l l  
m o n o l a y e r s .  As t h e  i n  v i v o  a s s a y  f o r  GGT a c t i v i t y ,  i n v o l v e s  t h e  
f o r m a t i o n  o f  p-NA,  t h e  t o x i c o l o g i c a l  e f f e c t s  on t h e  C a c o -2  c e l l s  
w e re  i n v e s t i g a t e d  by means o f  a c o l o r i m e t r i c  a s s a y . 209
6.  2 R E S U L T S
F o r  s i m p l i c i t y ,  t h e  GGT o b t a i n e d  f r o m  t h e  C a c o -2  c e l l s  w i l l  be 
r e f e r e d  t o  as t h e  i n  v i v o  enzyme,  w h i l e  t h a t  f r o m  t h e  b o v i n e  
k i d n e y  s o u r c e ,  as used i n  t h e  w o rk  i n  C h a p t e r s  3 - 5 ,  w i l l  be r e f e r e d  
t o  as  t h e  i n  v i t r o  enzyme.
6 . 2 . 1  GGT A c t i v i t y  i n  C a c o -2  C e l l s
The r e s u l t s  o b t a i n e d  f r o m  t h e  d e t e r m i n a t i o n s  c a r r i e d  o u t  i n  
2 4 - w e l l  p l a t e s  ( w e l l  s u r f a c e  a r e a  2cm2) a r e  means o f  8 r e p l i c a t e s  
(±  4%),  w h i l e  t h o s e  c a r r i e d  o u t  i n  9 6 - w e l l  p l a t e s  a r e  means o f  84
r e p l i c a t e s  ( ± 3 . 5 % ) .
The r e s i d u a l  b a c k g ro u n d  h y d r o l y s i s  o c c u r r e d  a t  a r a t e  o f  
25 0 n m o le s  mi n~ wel 1 ~  ^ , w h i l e  i n  t h e  p r e s e n c e  o f  c e l l s  i t  was 
5 . 6 p m o l e s  mi n~ ■* wel  1 ~ i . The enhanced  r a t e  i n  t h e  p r e s e n c e  o f  
c e l l s  and an a c c e p t o r ,  i e : g l y c y l g l y c i n e ,  was 2 7 . 7 p m o le s  m i n - i  
w e l l - 1  ( a  5 - f o l d  i n c r e a s e  i n  t h e  r a t e  i n  a b s e n c e  o f  a c c e p t o r ) .  
Thus t h e  c a l c u l a t e d  enzyme a c t i v i t y  i n  t h e  2 4 - w e l l  p l a t e s  o f  C a co -2  
c e l l s ,  was 2 . 8  ( ± 0 . 1 1 )  u n i t s  c m - 2 , based on one u n i t  o f  GGT
l i b e r a t i n g  I p m o le  o f  p-NA f r o m  G-p-NA p e r  m i n u t e  a t  pH 8 . 5  a t  
25°C .  A f t e r  10 d a y s  t h e  number  o f  Caco -2  c e l l s  i n  t h e  2 4 - w e l l  
p l a t e s ,  was 1 .4 9  (±  0 . 0 5 )  x IO®.  C a l c u l a t i o n s  r e v e a l  t h a t  one u n i t  
o f  GGT a c t i v i t y  i s  p r e s e n t  i n  5 . 3 2  x 10® c e l l s ,  w h i c h  we re  f u l l y  
d i f f e r e n t i a t e d .  L i k e w i s e  t h e  mean enzyme a c t i v i t y  d e t e r m i n e d  i n  t h e  
9 6 - w e l l  p l a t e  ( w e l l  s u r f a c e  a r e a  0 .3 2 c m 2 )  was 0 . 9 0  ( ± 0 . 0 5 ) p m o le s  
m in -1  c m -2 ,  w h i l e  t h e  DNA a n a l y s i s  r e v e a l e d  6 . 2 7 8  ( ± 0 . 7 1 6 )  pg 
DNA c m -2 ,  ( 0 . 1 4  ( ± 0 . 0 1 )  u n i t s  p g - iQ N A ) .
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6 . 2 . 2  GGT A c t i v i t y  as  C a c o -2  C e l l s  M a tu r e
A 2 4 - w e n  p l a t e  was seeded  a t  1 5 0 ,0 0 0  c e l l s  p e r  w e l l ,  h a l f  o f  t h a t  
f o r  t h e  o t h e r  d e t e r m i n a t i o n s .  T h i s  was done t o  d o u b le  t h e  g r o w i n g  
t i m e  o f  t h e  c e l l s .  The r e s u l t s  a r e  an a v e r a g e  f r o m  4 r e p l i c a t e  
w e l l s  a t  each days  a n a l y s i s  (±5 % ) .
F i g u r e  6 .1  shows t h a t  t h e  enzyme a c t i v i t y  g r a d u a l l y  i n c r e a s e s  
f o r  10 d a y s ,  t h e n  s u d d e n l y  i n c r e a s e s  by a f a c t o r  o f  3.  I t  t h e n  
seems t o  r e m a in  e s s e n t i a l l y  c o n s t a n t  a t  t h i s  a c t i v i t y  o f  a b o u t  
6 pm o le s  m i n " i  w e l l " i .  The g ra p h  a l s o  shows t h e  i n c r e a s e  i n  t h e  
DNA c o n t e n t  as  t h e  c e l l s  m a tu re  o v e r  t h e  20 day  p e r i o d .  As t h e  
c e l l s  a p p ro a c h  14 d a y s  t h e  r a t e  o f  i n c r e a s e  o f  DNA s t a r t s  t o  l e v e l  
o f f  t o  re a c h  a maximum. T h i s  can be e x p l a i n e d  i n  t e rm s  o f  t h e  c e l l s  
f o r m i n g  a f u l l  m o n o la y e r  o v e r  t h e  base o f  t h e  w e l l  and t h e r e f o r e  
s t a r t i n g  t o  d i f f e r e n t i a t e  r a t h e r  t h a n  d i v i d e  and s p r e a d  o u t  o v e r  
t h e  s u r f a c e .
F i g u r e  6 . 1 :  GGT A c t i v i t y  and DNA A n a l y s i s  as C a co -2  C e l l s  M a tu r e
c
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6 . 2 . 3  GGT A c t i v i t y  a t  V a r i o u s  C o n c e n t r a t i o n s  o f  G l v c v l g l v c i n e
The i n c r e a s e  i n  enzyme a c t i v i t y  o b s e r v e d  w i t h  an i n c r e a s e  i n  t h e  
c o n c e n t r a t i o n  o f  g l y c y l g l y c i n e  i s  i l l u s t r a t e d  i n  F i g u r e  6 . 2 , 
s h o w in g  t h a t  t h e  s a t u r a t i o n  i s  r e a c h e d  be tw een  20 and 25mM, w i t h  a 
Km o f  a b o u t  6 mM compared  t o  3.5mM o b s e r v e d  f o r  t h e  i n  v i t r o  
enzyme ( C h a p t e r  4 ) .  The V m a x  i s  a b o u t  5 t i m e s  t h a t  o f  t h e  r a t e  i n  
t h e  abse nce  o f  an a c c e p t o r ,  s i m i l a r  t o  t h e  b e h a v i o u r  o f  t h e  i n  
v i t r o  enzyme.
F i g u r e  6 . 2 :  C o n c e n t r a t i o n  P r o f i l e  o f  G l y c y l g l y c i n e  w i t h  i n  v i v o  
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6 . 2 . 4  T o x i c o l o g i c a l  S t u d y  o f  P-N1 t r o a n i 1 i n e  on C a c o -2  C e l l s
The mean p e r c e n t a g e  o f  c e l l s  s t i l l  a l i v e  was c a l c u l a t e d  f r o m  t h e  
o p t i c a l  d e n s i t i e s  f r o m  t h e  4 r e p l i c a t e  s a m p le s  c o n t a i n i n g  p-NA w i t h  
4 r e p l i c a t e  b l a n k s  w i t h  no p-NA a t  any  g i v e n  t i m e ,  e r r o r  (±4 % ) .  
F i g u r e  6 . 3  shows t h e  p e r c e n t a g e  o f  c e l l s  s t i l l  a l i v e  p l o t t e d  
a g a i n s t  t i m e  a t  v a r i o u s  c o n c e n t r a t i o n s  o f  p -NA .  A f t e r  t h e  i n i t i a l  
10  m in u t e s  t h e  p e r c e n t a g e  o f  c e l l s  k i l l e d  r e a c h e s  a p l a t e a u  be tw e en  
70-90%, d e p e n d e n t  upon t h e  l e v e l  o f  p-NA p r e s e n t  w i t h i n  t h e  ra n g e  
s t u d i e d .  These  t o x i c o l o g i c a l  s t u d i e s  o f  p-NA on C a c o -2  c e l l s  show 
t h a t  a t  l e a s t  85% o f  t h e  c e l l s  a r e  s t i l l  a l i v e  a f t e r  e q u i l i b r i u m  
has  been r e a c h e d ,  b e lo w  a c o n c e n t r a t i o n  o f  SmM p-N A ,  T h i s  
c o n c e n t r a t i o n  o f  p-NA i s  above  t h a t  w h ic h  may be p r e s e n t  i n  an i n  
v i v o  a s s a y  f o r  GGT, w h i c h  u t i l i s e s  G-p-NA a t  a c o n c e n t r a t i o n  o f  
3 . 5mM.
F i g u r e  6 . 3 :  T o x i c o l o g i c a l  E f f e c t s  o f  P-NA on C a c o -2  C e l l s
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6 . 2 . 5  GGT A c t i v i t y  w i t h  V a r i o u s  A c c e p t o r s  U s i n g  C a c o -2  C e l l s
A v a r i e t y  o f  am ino  a c i d s  and d i p e p t i d e s  w e re  s t u d i e d ,  and t h e i r
a b i l i t y  t o  a c c e p t  t h e  g a m m a -g lu ta m y l  m o i e t y  was a s s e s s e d .  These
r e s u l t s  a r e  shown i n  T a b l e s  6 .1  & 6 . 2 ,  whe re  c o m p a r i s o n s  w i t h  t h e
a c t i v i t y  r a t i o s  o b s e r v e d  w i t h  t h e  i n  v i t r o  enzyme a r e  made.
T a b le  6 . 1 :  C o m p a r i s o n  o f  A c t i v i t y  R a t i o s  f o r  a V a r i e t y  o f
Amino A c i d  A c c e p t o r s  f o r  t h e  i n  v i v o  and i n  v i t r o  Enzymes
A c t i v i t y  R a t i o *
A c c e p t o r i n  v i t r o i n  v i v o C o m p a r i s o n
C o n t r o l 1 0 0 1 0 0 1 . 0
LYS 2 2 0 221 1 . 0 0
THR 2 0 0 2 01 1 . 0 0
TRY 215 2 1 2 1 . 0 1
B-ALA 105 104 1 . 0 1
ALA 190 219 1 . 0 2
METH 390 378 1 .03
VAL 1 1 0 106 1 .0 4
PRO 114 1 2 0 1 . 0 4
GLU 229 218 1 .05
CYS-Me 348 331 1 .05
PGLY 1 53 141 1 .09
ILEU 1 37 193 1 . 1 0
C Y S -S -B e n z o y 1 350 303 1 .1 6
HIST 144 139 1 .1 9
ABN 267 208 1 . 28
SER 239 229 0 .71
CYS 260 367 0 .7 1
BAR 108 93 0 . 8 6
LEU 158 144 0 . 8 7
N - A c e t y 1-GLY 133 150 0 . 8 9
BET 1 0 0 91 0 .91
PME 193 208 0 .  93
GLY 126 136 0 . 9 3
TYR 234 252 0 .  93
ABP 159 168 0 . 9 5
ARG 278 233 0 . 9 5
TAUR 93 97 0 . 9 6
GLN 2 2 2 224 0 . 9 9
* a c t i v i t y  r a t i o  i s  t h e  r a t i o  o f  t h e  r a t e  o f  f o r m a t i o n  o f  p-NA 
f r o m  G-p-NA i n  t h e  a b s e n c e  and p r e s e n c e  o f  an a c c e p t o r .  The r a t e  i n  
t h e  a bse nce  o f  an a c c e p t o r ,  i s  g i v e n  an a r b i t r a r y  v a l u e  o f  1 0 0 . 
w i t h  a s p e c i f i c  r a t e  o f  0 . 9 p m o l e s  m in~ i  w e l l " ?  f o r  t h e  i n  
v i v o  enzyme and a s p e c i f i c  r a t e  o f  1 2 .7 p m o le s  min""* mg~  ^ f o r  
t h e  i n  v i t r o  enzyme.  + C o m p a r i s o n ,  a r a t i o  o f  t h e  i n  v i v o  
and i n  v i t r o  a c t i v i t y  r a t i o s .
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As i n  t h e  i n  v i t r o  s t u d i e s  t h e  d i p e p t i d e  g l y c y l g l y c i n e  i s  seen 
t o  be t h e  b e s t  a c c e p t o r  i n  v i v o .  The c o m p a r i s o n  o f  t h e  i n  v i t r o  
and i n  v i v o  a c t i v i t y  r a t i o s  c l e a r l y  shows t h a t  m os t  o f  t h e  
a c c e p t o r s  behave  i n  a s i m i l a r  m anne r .  Even t h e  known non a c c e p t o r s  
s uch  as  s a r c o s i n e ,  b e t a i n e  and p r o l i n e  have  s i m i l a r  a c t i v i t y  
r a t i o s .  M o s t  o f  t h e  am ino  a c i d  a c c e p t o r s  have  a c t i v i t y  r a t i o s  w h i c h  
a g r e e  t o  w i t h i n  10% i n  v i v o  and i n  v i t r o .  The l a r g e s t
d i s c r e p a n c i e s  f i t s  we re  t h o s e  o f  c y s t e i n e  and s e r i n e ,  w h i c h  have 
h i g h e r  a c t i v i t y  r a t i o s  i n  v i v o  t h a n  i n  v i t r o ,  t h i s  may be 
r e l a t e d  t o  t h e  i n h i b i t i n g  c a p a c i t y  o f  t h e s e  tw o  a c c e p t o r s  as shown 
i n  C h a p t e r  4 .  P e rh a p s  GGT f r o m  C a c o -2  c e l l s  i s  n o t  i n h i b i t e d  by 
e i t h e r  c y s t e i n e  o r  s e r i n e  a t  h i g h  c o n c e n t r a t i o n s .
The d i p e p t i d e s  and d e r i v a t i v e s  i n  T a b le  6 . 2 ,  show t h a t  t h e
c o m p a r i s o n  be tw een  t h e  i n  v i v o  and i n  v i t r o  a c t i v i t y  r a t i o s  a r e  
v e r y  goo d ,  t h e  m a j o r i t y  s h o w in g  a g re e m e n t  t o  w i t h i n  10%. The
l a r g e s t  d i s c r e p a n c i e s  a r e  t h o s e  o f  GLY-(3-ALA, (3-ALA-GLY and 
GLY-SAR, a l l  o f  w h ic h  a r e  c l o s e l y  r e l a t e d  t o  GLY-GLY t h e  b e s t
a c c e p t o r ,  b u t  a p p e a r  t o  have some s t r u c t u r a l l y  u n f a v o u r a b l e  
f e a t u r e  t o  a c t  as a good a c c e p t o r .  These d i f f e r e n c e s  may j u s t  be 
s p e c i f i c  t o  t h i s  one s o u r c e  o f  enzyme,  w h i c h  may have a s l i g h t l y  
d i f f e r e n t  c o n f o r m a t i o n  a t  t h e  a c c e p t o r  s i t e .  However  as an o v e r v i e w  
t h e  c o m p a r i s o n s  i n  T a b l e s  6 .1  & 6 . 2  s u g g e s t  t h a t  t h e  tw o  s o u r c e s  o f  
enzyme behave  v e r y  s i m i l a r l y  t o w a r d s  t h e  s p e c i f i c i t y  o f  t h e  
a c c e p t o r s  o f  t h e  g a m m a -g lu ta m y l  m o i e t y .
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T a b le  6 . 2 :  C o m p a r i s o n  o f  A c t i v i t y  
A c c e p t o r s  f o r  t h e  i n  v i v o  and i n
A c t i v i t y  
A c c e p t o r  i n  v i t r o
R a t i o s  f o r  a 
v i t r o  Enzymes
R a t i  o*
i n  v i v o
V a r i e t y  o f  D i p e p t i d e  
Compari  son+
C o n t r o l 1 0 0 1 0 0 1 , 0 0
GLY-GLU 1 0 0 1 0 0 1 . 0 0
GLY-GLY-NH2 299 287 1 .04BET-GLY 97 93 1 .0 4GLY-VAL 128 123 1 . 0 4
GLYGLY 505 479 1 .05GLY-ASP 97 92 1 .05
GLY-ALA 356 338 1 .05
GLY-PRO 155 146 1 .06
GLY-ASN 131 121 1 . 08
GLY-PHE 129 118 1 .09
SAR-GLY 121 108 1 . 1 2
GLY-Me 98 8 6 1 .1 3
G LY -E t 98 87 1 .1 3
GLY-SAR 164 131 1 .25
GLY-B-ALA 186 258 0 . 7 2
B-ALA-GLY 106 139 0 . 7 6
GLY-TYR 108 131 0 . 8 2
GLY-MET 1 1 2 137 0 . 8 2
GLY-SER 1 2 2 143 0 . 8 5
GLY-GLY-GLY 109 1 2 0 0 . 8 8
GLY-HIS 1 1 0 123 0 . 8 9
GLY-LEU 118 129 0.91
GLY-THR 109 1 2 0 0 .91
GLY-ILEU 116 123 0 . 9 4
GLY-GLY-Me 1 2 0 1 27 0 . 9 4
GLY-GLY-E t 116 121 0 . 9 6
ALA-ALA 99 1 0 2 0 . 9 7
GLY-NH-E t 99 101 0 . 9 8
ALA-GLT 304 310 0 . 98
GLY-TRP 1 17 118 0 . 9 9
GLY-LYS 132 133 0 . 9 9
B-ALA-ALA 95 96 0 .  99
B"ALA—B—ALA 93 94 0 . 9 9
* & + see T a b le  6 . 1 .
6 . 2 . 6  I n h i b i t i o n  o f  GGT i n  C a c o -2 C e l l s
F i g u r e  6 . 4  shows t h a t  t h e  i r r e v e r s i b l e  i n h i b i t o r s ,  a z a s e r i n e
and AT -125  have  a s i  mi 1a r  e f f e c t on t h e  i n  v i v o enzyme as t h e y  do
on t h e  i n  v i t r o enzyme ( C h a p t e r 5 ) .  A z a s e r i n e (5mM) c o m p l e t e l y
i n h i b i t s  t h e  a c t i v i t y  o f  t h e enzyme w i t h i n 40 m i n u t e s ,  w h i l e
AT-125  (5mM) r e q u i r e s  an h o u r  t o c o m p le t e  t h e i n h i  b i t i o n .
The s e r i n e - b o r a t e  c o m p le x  (0 -2 5 m M ) ,  w h ic h  has p r e v i o u s l y  been shown 
t o  be a r e v e r s i b l e  c o m p e t i t i v e  i n h i b i t o r  w i t h  r e s p e c t  t o  G-p-NA
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( C h a p t e r  5 ) ,  was a l s o  s t u d i e d  w i t h  t h e  i n  v i v o  enzym e.  The
r e s u l t s  a r e  d e p i c t e d  i n  F i g u r e  6 . 5 ,  and show v e r y  s i m i l a r
c o m p e t i t i v e  i n h i b i t i o n  t o  t h a t  o b s e r v e d  i n  C h a p t e r  5 ,
F i g u r e  6 . 4 :  I n h i b i t i n g  E f f e c t  o f  A z a s e r i n e  and AT-125  w i t h  T ime
>■H-
HU<
CD2
Z<i
1 0 0
80 -
60 -
40 -
20  -
806040200
AZASERINE
A T-125
T I S I E  ( H I M )
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F i g u r e  6 . 5 :  C o n c e n t r a t i o n  P r o f i l e  o f  S e r i n e - B o r a t e  Complex  a t
V a r i o u s  C o n c e n t r a t i o n s  o f  G-p-NA
4
3
2
0 302520151050
CSERIHE-BORHTEl (*M)
•  3.5m ri
♦ i.75m n 
H 0.875mM 
A 0.4375mM
6 . 2 . 7  T r a n s p o r t  o f  R a d i o l a b e l l e d  Compounds
T r a n s p o r t  s t u d i e s  i n v o l v i n g  r a d i o l a b e l l e d  compounds w e re  done i n  
r e p l i c a t e s  o f  3 i n s e r t s  p e r  e x p e r i m e n t  and t h e  e x p e r i m e n t s  we re  
c a r r i e d  o u t  on a t  l e a s t  tw o  s e p a r a t e  o c c a s i o n s .  A f t e r  30 days  o f  
b e i n g  grown on i n s e r t s ,  t h e  C aco -2  c e l l s  f o rm e d  a t i g h t  m o n o l a y e r .  
The t r a n s e p i t h e l i a l  e l e c t r i c a l  r e s i s t a n c e  o f  a l l  o f  t h e  membtanes 
i n  t h e  t r a n s p o r t  s t u d y  w e re  be tween  300 and 350 ohm c m -2 ,  t h e s e  
r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e r e  b e i n g  a f u l l  m o n o la y e r  w i t h  t i g h t  
T - j u n c t i o n s . 1 8 , 6 3 , 2 1 4
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The i n i t i a l  e x p e r i m e n t a l  r e s u l t s  ( F i g u r e  6 . 6 ) e s t a b l i s h e d  t h a t  
t h e  p a th w a y s  f o r  t h e  t r a n s l o c a t i o n  o f  b o t h  g l y c i n e  and 
g l y c l y g l y c i n e  we re  s a t u r a b l e  w i t h  a p p a r e n t  Km v a l u e s  o f  a b o u t  
ImM f o r  b o t h .  The Vmax v a l u e s  o b s e r v e d  ( F i g u r e  6 . 6 )  were  
a b o u t  4 . 2  and 2 .0 p m o le s  m i n - i  w e l l “  ^ (585  ( ± 2 4 )  and 287 ( ± 1 6 )
p m o le s  m in -1  cm~2 based on t h e  w e l l  s u r f a c e  a r e a =  T.OTcm^)  
f o r  g l y c y l g l y c i n e  and g l y c i n e  r e s p e c t i v e l y .  A l l  s u b s e q u e n t  
t r a n s p o r t  e x p e r i m e n t s  w e re  c a r r i e d  o u t  w i t h  lOmM s u b s t r a t e ,  t o  
m a x im is e  t h e  f l u x  o f  s u b s t r a t e  t h r o u g h  t h e  c e l l  m o n o l a y e r s .
F i g u r e  6 . 6 : C o n c e n t r a t i o n  P r o f i l e s  o f  t h e  T r a n s l o c a t i o n  o f  G l y c i n e  
and G l y c y l g l y c i ne
I-liÙÙH ZU. T"o  hUIO
ÙL w   GLY
  GLYGLY
[ G L Y / G L Y G L V ]  ( # M )
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I n  o r d e r  t o  s i m p l i f y  t h e  r e s u l t s  o f  t h e  f o l l o w i n g  t r a n s p o r t  
e x p e r i m e n t s ,  t h e  r e s u l t s  a r e  q u o t e d  as  a p e r c e n t a g e  o f  t h e  
r a d i o a c t i v i t y  f o u n d  i n  a p a r t i c u l a r  c o m p a r tm e n t ,  compared  t o  t h e  
t o t a l  a c t i v i t y  p r e s e n t  i n  b o t h  t h e  a p i c a l  and b a s o l a t e r a l  r e g i o n s  
o f  t h e  i n s e r t .  Because o f  t h e i r  r e l a t i v e  v o lu m e s  (3ml a p i c a l  and 
2ml b a s o l a t e r a l ) ,  e q u i l i b r i u m  i s  o b t a i n e d  when 60% and 40% o f  t h e  
r a d i o a c t i v i t y  i s  r e s i d i n g  i n  t h e  r e s p e c t i v e  c o m p a r tm e n ts .
The t r a n s l o c a t i o n  ( i n  t h e  a p i c a l  t o  b a s o l a t e r a l  d i r e c t i o n )  o f  
[ 2 - 3 H ]  g l y c y l g l y c i n e ,  [ 2 - 3 H ] g l y c i n e  o r  [ 4 , 5 - 3 H ] l e u c i n e  
( F i g u r e s  6 . 7 ,  6 . 8  & 6 . 9  r e s p e c t i v e l y )  i n  t h e  a b s e n c e  o f  any  GGT
i n h i b i t o r s ,  i s  a l m o s t  c o m p le t e  w i t h i n  8 - 1 0  h o u r s .  Thus t h e  
compounds a r e  t r a n s p o r t e d  a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t ,  
s u g g e s t i n g  a c a r r i e r — m e d ia t e d  s y s te m  ( a c t i v e  t r a n s p o r t )  i s  
i n v o l v e d .
The GGT i n h i b i t o r s ,  s e r i n e - b o r a t e , a z a s e r i n e  and A T -1 2 5 ,  we re  
a l l  f o u n d  t o  have  s i m i l a r  e f f e c t s  on t h e  t r a n s l o c a t i o n  o f  a l l  t h r e e  
r a d i o l a b e l l e d  compounds u n d e r  s t u d y .  T h e i r  t r a n s p o r t  i s  
s i g n i f i c a n t l y  i n h i b i t e d  and t h e y  a r e  u n a b l e  t o  be t r a n s p o r t e d  
a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t  ( p a s s i v e  t r a n s p o r t ) .  The 
i n h i b i t i o n  o f  a c t i v e  t r a n s p o r t  i s  d e m o n s t r a t e d  by t h e i r  e q u i l i b r i a  
a f t e r  30 h o u r s ,  i e :  60% on t h e  a p i c a l  and 40% on t h e  b a s o l a t e r a l  
s i d e .  The Vmax o f  [ 4 , 5 - 3 H ] l e u c i n e  based upon t h e  i n i t i a l  r a t e  
o f  t r a n s p o r t  as shown i n  F i g u r e  6 . 9 ,  was c a l c u l a t e d  t o  be 2 9 0 ( ± 1 8 )  
pmol cm-2 m i n - 1 .  T h i s  i s  a s s u m in g  t h a t  t h e  s a t u r a t i o n  p o i n t  
( i e : 2 x Km) has been r e a c h e d  a t  a c o n c e n t r a t i o n  o f  1 0 mM, l i k e  t h a t  
o f  g l y c i n e  and g l y c y l g l y c i n e  ( F i g u r e  6 . 6 ) .  The i n i t i a l  r a t e s  o f  t h e  
i n h i b i t e d  t r a n s p o r t  w e re  a l s o  c a l c u l a t e d  t o  be a p p r o x i m a t e l y  t h e  
same a t  8 7 ( ± 9 )  pmol cmrZ m i n - i .
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F i g u r e  6 . 7 :  T r a n s p o r t  o f  G l y c y l g l y c i n e  i n  t h e  Absence  and P re s e n c e  
o f  V a r i o u s  GGT I n h i b i t o r s
100 - f
90 -
80 -
70
60
>
F-O<
111
O<H
2 :LU
Ücc
111CL
GLYGLY CONTROL
GLYGLY + SERINE-BORATE
GLYGLY + AZASERINE
GLYGLY + AT-125
30 32
TIME (HRS)
190 -
C aco-2  CELLS & GGT
F i g u r e  6 . 8 :  T r a n s p o r t  o f  G l y c i n e  i n  t h e  Absence  and P r e s e n c e  o f
V a r i o u s  GGT I n h i b i t o r s
t>
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LUoccLUa.
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F i g u r e  6 . 9 :  T r a n s p o r t  o f  L e u c in e  i n  t h e  Ab sence  and P r e s e n c e  o f
V a r i o u s  GGT I n h i b i t o r s
too
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F i g u r e  6 . 1 0 ;  T r a n s l o c a t i o n  o f  G l y c y l g l y c i n e  i n  B o th  D i r e c t i o n s
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The u n i n h i b i t e d  t r a n s p o r t  o f  g l y c y l g l y c i n e  i n  t h e  a p i c a l  t o  
b a s o l a t e r a l  d i r e c t i o n  was f o u n d  t o  be much f a s t e r  t h a n  t h a t  i n  t h e  
o p p o s i t e  d i r e c t i o n  ( b a s o l a t e r a l  t o  a p i c a l )  ( F i g u r e  6 . 1 0 ) .  I n  f a c t  
i n  t h e  b a s o l a t e r a l  t o  a p i c a l  d i r e c t i o n ,  t h e  r a t e  o f  t r a n s l o c a t i o n  
i s  o n l y  10% o f  t h a t  i n  t h e  o p p o s i t e  d i r e c t i o n .  Thus ,  t h e  
u n i n h i b i t e d  ( a c t i v e )  t r a n s l o c a t i o n  seems t o  be l a r g e l y  
u n i d i r e c t i o n a l  i e :  a p i c a l  t o  b a s o l a t e r a l .  How eve r ,  i n  t h e  p r e s e n c e  
o f  GGT i n h i b i t o r s ,  t r a n s l o c a t i o n  o f  g l y c y l g l y c i n e  i n  e i t h e r  
d i r e c t i o n  r e s u l t s  i n  t h e  same r e s u l t .  I n  b o t h  c a s e s ,  t h e  
e q u i l i b r i u m  d i s t r i b u t i o n  i s  r e a c h e d ,  i e :  60% on t h e  a p i c a l  s i d e  and 
40% on t h e  b a s o l a t e r a l  s i d e .  Thus  i n  t h e  p r e s e n c e  o f  GGT 
i n h i b i t o r s ,  p a s s i v e  t r a n s l o c a t i o n  i s  f r e e l y  b i d i r e c t i o n a l .
F i g u r e  6 . 1 1 :  
T r a n s l o c a t i o n
F i r s t  O r d e r  R a te  K i n e t i c  P l o t  o f  G l y c i n e
>
o<
c
Time (Mrs)
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F i g u r e  6 . 1 2 :  F i r s t  O r d e r  R a te  K i n e t i c  P l o t  o f  G l y c y l g l y c i n e
T r a n s l o c a t i o n
Time (Mrs)
F i g u r e  6 . 1 3 :  
T r a n s l o c a t i o n
F i r s t  O r d e r  R a te  K i n e t i c  P l o t  o f  L e u c in e
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F i g u r e  6 . 1 4 :  F i r s t  O r d e r  R e v e r s i b l e  R a te  K i n e t i c  P l o t
N - A c e t y l - G l y c i n e  T r a n s l o c a t i o n o f
>
o<
c
Time (Mrs)
The c u r v e s  o f  t h e  a c t i v e  and p a s s i v e  com ponen ts  o f  t h e
t r a n s l o c a t i o n  p r o c e s s  w e re  f i t t e d  t o  f i r s t  o r d e r  r a t e  k i n e t i c s ,  t h e  
p a s s i v e  t r a n s p o r t  b e i n g  a r e v e r s i b l e  p r o c e s s  ( F i g u r e s  6 .11  t o
6 . 1 4 ) .  The c a l c u l a t e d  f i r s t  o r d e r  r a t e  c o n s t a n t s  were  as f o l l o w s ,  
g l y c y l g l y c i n e ,  0 . 6 9 8  h r - i ;  g l y c i n e ,  0 . 3 1 4  h r - i ;  l e u c i n e  0 .331  
h r -1  and t h e  p a s s i v e  t r a n s l o c a t i o n ,  0 . 2 5 4  h r - i .  ( A l l  r a t e  
c o n s t a n t s  had a s t a n d a r d  d e v i a t i o n  o f  l e s s  t h a n  5%).
The t e m p e r a t u r e  d e p end e n ce  o f  b o t h  t h e  a c t i v e  and p a s s i v e  
t r a n s p o r t  was i n v e s t i g a t e d  ( F i g u r e  6 . 1 5 ) .  A t  4 °C t h e  a c t i v e  
t r a n s p o r t  o f  g l y c y l g l y c i n e  ( a p i c a l  t o  b a s o l a t e r a l )  i s  much s l o w e r  
t h a n  t h a t  a t  3 7 'C ,  i n  f a c t  s i m i l a r  t o  t h a t  o f  p a s s i v e  t r a n s p o r t  
( i n  e i t h e r  d i r e c t i o n )  a t  37°C .  The l o w e r  t e m p e r a t u r e ,  i e :  4 'C
r a t h e r  t h a n  37"C ,  had no e f f e c t  on t h e  p a s s i v e  t r a n s p o r t  o f
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g l y c y l g l y c i n e ,  i e :  s e r i n e - b o r a t e  i n h i b i t e d  t r a n s p o r t  f r o m  a p i c a l  t o  
b a s o l a t e r a l  t r a n s p o r t  e x p e r i m e n t  a t  4 ” 0 .  These r e s u l t s  s u g g e s t  t h a t  
t h e  a c t i v e  t r a n s p o r t  i s  t e m p e r a t u r e  d e p e n d e n t  w h i l e  t h e  p a s s i v e  
t r a n s p o r t  i s  t e m p e r a t u r e  i n d e p e n d e n t .
I n  c o n t r a s t  t o  t h e  t r a n s l o c a t i o n  o f  g l y c i n e  (a n d  t h e  o t h e r  am ino  
a c i d s ) ,  t h e  t r a n s l o c a t i o n  o f  N - a c e t y l - g l y c i ne t h r o u g h  t h e  C a co -2  
c e l l  m o n o la y e r  ( F i g u r e  6 . 1 6 ) ,  o n l y  i n v o l v e s  t h e  p a s s i v e  p a th w a y .  
T h u s ,  e q u i l i b r i u m  i s  o b s e r v e d  be tw een  t h e  a p i c a l  and b a s o l a t e r a l  
c o m p a r tm e n ts  (60% and 40% r e s p e c t i v e l y ) ,  c h a r a c t e r i s t i c  o f  t h e  
p a s s i v e  t r a n s p o r t  o b s e r v e d  i n  t h i s  s t u d y .  T h i s
was f o u n d  t o  be i n d e p e n d e n t  o f  t h e  d i r e c t i o n  o f  t r a n s l o c a t i o n ,  t h u s  
b i d i r e c t i o n a l  and i n d i c a t i v e  o f  p a s s i v e  t r a n s p o r t .  The a c t i v e  
t r a n s p o r t  o f  l e u c i n e  i s  r e t a r d e d  by c a .  10% when r o t e n o n e  i s  added 
t o  t h e  i n c u b a t i o n  medium ( F i g u r e  6 . 1 6 ) .  R o ten one  p r e v e n t s  t h e
r e g e n e r a t i o n  o f  ATP and t h u s  p r e v e n t s  t h e  r e f o r m a t i o n  o f
g l u t a t h i o n e ,  w h ic h  has been shown t o  be an i n t e g r a l  p a r t  o f  t h e
g a m m a -g lu ta m y l  c y c l e .
T r a n s l o c a t i o n  o f  [ 2 - ^ H ] g l y c y l g l y c i ne has  been shown t o  o c c u r  
a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t  ( F i g u r e  6 . 7 ) .  When t h e  g r a d i e n t  
was d o u b le d  (b y  a d d in g  u n l a b e l l e d  g l y c y l g l y c i n e  ( lOmM) t o  t h e
b a s o l a t e r a l  med ium) no e f f e c t  was o b s e r v e d  on t h e  r a t e  o f  
t r a n s l o c a t i o n  ( F i g u r e  6 . 1 7 ) .  S i m i l a r l y ,  no r e d u c t i o n  i n  
t r a n s l o c a t i o n  r a t e  o f  [ 2 - 3 H ] g l y c y l g l y c i n e  was o b s e r v e d  when h i g h  
c o n c e n t r a t i o n s  o f  u n l a b e l l e d  g l y c i n e  (lOOmM) were  p r e s e n t  i n  t h e  
b a s o l a t e r a l  medium.  The p r e s e n c e  o f  u n l a b e l l e d  g l y c y l g l y c i n e  ( lOmM) 
i n  t h e  a p i c a l  medium had no e f f e c t  on t h e  r a t e  o f
[ 2 - 3 H ] g l y c y l g l y c i ne t r a n s l o c a t i o n ,  b u t  t h e  p r e s e n c e  o f  u n l a b e l l e d  
g l y c i n e  (lOOmM) on t h e  a p i c a l  s i d e  d i d  d e c r e a s e  t h e  r a t e  o f  
t r a n s l o c a t i o n  o f  [ 2 - 3 H ] g l y c y l g l y c i n e . U n l a b e l l e d  g l y c i n e  (lOOmM) 
i n  t h e  a p i c a l  medium had a s i m i l a r  e f f e c t  on [ 2 - 3 H ] g l y c i ne
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t r a n s l o c a t i o n ,  a l t h o u g h  n o t  t o  s uch  a l a r g e  e x t e n t .
F i g u r e  6 . 1 5 :  T e m p e r a tu r e  E f f e c t  on T r a n s l o c a t i o n  o f  G l y c y l g l y c i n e
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F i g u r e  6 . 1 6 : T r a n s l o c a t i o n  o f  N - A c e t y l - G l y c i n e  and L e u c i ne
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F i g u r e  6 . 1 7 :  S a t u r a t i o n  o f  t h e  A c t i v e  T r a n s l o c a t i o n  P r o c e s s  w i t h
G l y c i n e  and G l y c y l g l y c i n e  a t  V a r i o u s  C o n c e n t r a t i o n s .
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A n a l y s i s  o f  t h e  r a d i o l a b e l l e d  compounds,  a f t e r  t r a n s l o c a t i o n  
t h r o u g h  t h e  C a c o -2  c e l l  m o n o la y e r  showed t h a t  g l y c y l g l y c i n e ,  
g l y c i n e  and l e u c i n e  w e re  n o t  m e t a b o l i s e d ,  and t h a t  g l y c y l g l y c i n e  
was n o t  h y d r o l y s e d ,  t o  any  d e t e c t a b l e  e x t e n t .  The am oun t o f  
r e s i d u a l  r a d i o a c t i v i t y  r e m a i n i n g  w i t h i n  t h e  c e l l  m o n o la y e r  was l e s s  
t h a n  10% o f  t h e  t o t a l  r a d i o a c t i v i t y  i n  t h e  a p i c a l  and b a s o l a t e r a l  
m e d ia .
6 . 2 . 8  T r a n s p o r t  o f  V a r i o u s  N o n -L a b e l  l e d  Amino A c i d s  
T h r o u g h  C a c o -2  M o n o l a y e r s
A p a r a l l e l  s t u d y  u s i n g  u n l a b e l l e d  am ino a c i d s  was u n d e r t a k e n  t o  
c o n f i r m  t h e  t r a n s l o c a t i o n  r a t e s  o f  t h e  r a d i o l a b e l l e d  e x p e r i m e n t s  
( S e c t i o n  6 . 2 . 7 ) .  A v a r i e t y  o f  o t h e r  am ino  a c i d s  w e re  s t u d i e d  u n d e r  
t h e  same e x p e r i m e n t a l  c o n d i t i o n s  as used f o r  t h e  r a d i o l a b e l l e d  
compounds.  Subsam p le s  ( l O O p l )  we re  t a k e n  and f r o z e n  a t  - 2 0 “ C u n t i l  
t h e y  we re  q u a n t i t a t i v e l y  a n a l y s e d  f o r  t h e  i n d i v i d u a l  am ino  a c i d s  
u n d e r  s t u d y .  T h i s  a n a l y s i s  was c a r r i e d  o u t  by d e r i v a t i s i n g  t h e  
s a m p le s  w i t h  p h e n y l i s o t h i o c y a n a t e  (P IT C )  and q u a n t i t a t i v e  a n a l y s i s  
by h . p . I . e . . 209 F i g u r e  6 . 1 8  shows a c h ro m a to g ra m  o f  a d e r i v a t i s e d  
am ino  a c i d  s t a n d a r d  m i x t u r e  c o n t a i n i n g  SOnmoles o f  each am ino  a c i d ,  
F i g u r e  6 .1 9  shows t h e  c h ro m a to g r a m s  o f  t h e  d e r i v a t i s e d  m e d ia  b e f o r e  
and a f t e r  b e i n g  i n c u b a t e d  w i t h  t h e  c e l l s .  T h i s  b a c k g ro u n d  was 
s u b t r a c t e d  f r o m  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  i n d i v i d u a l  am ino  
a c i d s .  A l t h o u g h  s u b s a m p le s  we re  t a k e n  e v e r y  2 h o u r s  f o r  12 h o u r s  
and a l a s t  s u b s a m p le  a t  24 h o u r s ,  t h e  f a c t  t h a t  t h i s  t y p e  o f  
q u a n t i t a t i v e  a n a l y s i s  i s  v e r y  t i m e  c o n s u m in g  meant  t h a t  o n l y  t h e  
b a s o l a t e r a l  s u b s a m p le s  a t  4 and 10 h o u rs  we re  a n a l y s e d .  These 
r e s u l t s  a r e  means o f  d u p l i c a t e  a n a l y s e s  w h i c h  w e re  f r o m  t h e  same 
s u b s a m p le ,  and r e p l i c a t e  s a m p le s  o f  r e p e a t e d  e x p e r i m e n t s  u n d e r t a k e n  
on tw o  s e p a r a t e  o c c a s i o n s .
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F i g u r e  6 . 1 8 :  C h rom a tog ram  o f  PITC D e r i v a t i s e d  S t a n d a r d  Amino A c i d  
M i x t u r e
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F i g u r e  6 . 1 9 :  C h rom a tog ram s  o f  PITC D e r i v a t i s e d  M e d ia  B e f o r e  and
A f t e r  I n c u b a t i o n  w i t h  C e l l s
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I n  a c c o r d a n c e  w i t h  t h e  f i n d i n g s  f r o m  s t u d i e s  o f  t h e  t r a n s p o r t  o f  
r a d i o l a b e l l e d  g l y c i n e  and g l y c y l g l y c i n e  ( 6 . 2 . 7 ) ,  t h e  m a j o r i t y  o f  
t h e s e  compounds were  t r a n s p o r t e d  i n  t h e  f i r s t  5 - 6  h o u r s .  The 
t r a n s p o r t  d u r i n g  t h e  f i r s t  4 h o u rs  was assumed t o  be l i n e a r  w i t h  
t i m e  as i n  t h e  case  o f  t h e  r a d i o l a b e l l e d  com pounds .  Based on t h i s  
a s s u m p t io n  t h e  r a t e s  o f  t r a n s p o r t  o f  a s e r i e s  o f  am ino  a c i d s  we re  
c a l c u l a t e d  a f t e r  4 h o u r s .  T a b le  6 . 3  shows b o t h  t h e  r a t e  o f  
t r a n s p o r t  o f  each  am ino  a c i d  ( d a t a  shown a r e  mean v a l u e s  w i t h  
s t a n d a r d  d e v i a t i o n  o f  ± 7 .5% ) and t h e  p e r c e n t a g e  t r a n s p o r t e d  a f t e r  
10 h o u r s ,  shown as t h e  s p r e a d  o f  d a t a .
T a b le  6 . 3 :  T r a n s p o r t  o f  a V a r i e t y  o f  Amino A c i d s  T h ro u g h  C a co -2
C e l l  M o n o la y e r s
A c c e p t o r % T r a n s p o r t e d  A f t e r  R a te  o f  t r a n s p o r t  a f t e r  4 Mrs
10 H o u rs (pmo l  cm-:
GLN 8 0 - 8 8 623
GLYGLY 8 5 - 9 0 605
METH 8 9 - 9 3 564
CYS 89-91 495
SER 8 0 - 8 7 412
THR 8 6 - 9 0 394
ASP 7 7 -8 2 344
LYS 74 -8 6 339
ALA 75-81 325
PHE 8 2 - 8 8 323
TRP 7 8 -8 7 321
ASN 7 9 - 8 4 319
GLU 7 8 - 8 3 312
HIST 7 5 -8 2 302
ARG 81 —84 299
LEU 7 4 -8 3 296
ILEU 7 5 - 8 0 295
TYR 8 2 -8 7 285
VAL 8 0 - 8 5 283
GLY 7 7 -8 0 275
3~ALA 7 1 - 8 3 164
TAUR 7 0 -8 4 127
PRO 5 6 -6 7 92
Number i n  p a r e n t h e s e  a r e  c o m p a r i s o n s  w i t h  e x p e r i m e n t s  u s i n g  
r a d i o l a b e l l e d  compounds ( S e c t i o n  6 . 2 . 7 ) .
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I f  one assumes t h a t  a l l  o f  t h e  am ino  a c i d s  s t u d i e d  i n  T a b l e  6 . 3  
a r e  a t  t h e i r  c o r r e s p o n d i n g  V m a x  r a t e s ,  t h e n  c o m p a r i s o n s  b e tw e en  
t h e i r  t r a n s p o r t  r a t e s  can be made. A l l  o f  t h e  am ino  a c i d s  w i t h  an 
a - a m in o  and an a - c a r b o x y l i c  a c i d  g r o u p  have a h i g h e r  t r a n s p o r t  r a t e  
t h a n  t h o s e  t h a t  do n o t ,  i e :  ( 3 - a l a n i n e ,  t a u r i n e  and p r o l i n e .  The 
c o m p a r i s o n  be tw een  t h e  r a t e s  o f  t r a n s l o c a t i o n  o f  [ 3 - a l a n i n e  and 
t a u r i n e  w i t h  t h a t  o f  t h e  a c t i v i t y  r a t i o s  o f  t h e s e  tw o  compounds 
( C h a p t e r  4 ) ,  may h i g h l i g h t  a r e l a t i o n s h i p  b e tw e e n  p o o r  a c c e p t o r s  
and b e i n g  t r a n s l o c a t i o n  a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t .
A l l  o f  t h e  a - a m in o  a c i d s  have  a t r a n s p o r t  r a t e  be tw e en  2 7 5 -6 2 3  
pmol m in -1  cm~2. A l l  o f  t h e s e  am ino  a c i d s  a r e  t r a n s p o r t e d  
a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t ;  w i t h i n  10 h o u r s  a t  l e a s t  75% o f  
t h e  s t a r t i n g  c o n c e n t r a t i o n  has been t r a n s p o r t e d  f r o m  t h e  a p i c a l  t o  
t h e  b a s o l a t e r a l  r e g i o n ,  e x c e p t  i n  t h e  c ase  o f  p r o l i n e .  P r o l i n e ,  t h e  
o n l y  am ino  a c i d  w h i c h  i s  known n o t  t o  be an a c c e p t o r  o f  t h e  
g a m m a -g lu ta m y l  m o i e t y  w i t h  r e s p e c t  t o  GGT ( C h a p t e r  4 )  i s  s t i l l  
t r a n s p o r t e d  t h r o u g h  t h e  c e l l  m o n o l a y e r .  However  i t  i s  n o t  
t r a n s p o r t e d  a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t ,  i e :  i t  r e a c h e s
e q u i l i b r i u m  a t  60% and 40%, a p i c a l  t o  b a s o l a t e r a l  c o m p a r tm e n ts  
r e s p e c t i v e l y .  T h i s  e q u i l i b r i u m  has  been seen  i n  S e c t i o n  6 . 2 . 7 .  
and i s  i n d i c a t i v e  o f  p a s s i v e  t r a n s l o c a t i o n .
T h e re  may be a s l i g h t  c o r r e l a t i o n  be tw een  t h e  r a t e  o f  t r a n s p o r t  o f  
t h e  am ino  a c i d s  and t h e  a c t i v i t y  r a t i o s  o f  t h e s e  a c c e p t o r s  ( T a b l e  
6 . 1 ) .  F o r  e x a m p le ,  g l y c y l g l y c i n e ,  m e t h i o n i n e ,  c y s t e i n e  and s e r i n e  
a l l  have  h i g h  a c t i v i t y  r a t i o s  and a r e  a l s o  t r a n s p o r t e d  f a s t e r  t h a n  
m os t  o f  t h e  o t h e r s .  H o w e v e r ,  t h e r e  a r e  c l e a r l y  some e x c e p t i o n s  s u ch  
as g l u t a m i n e  and t h r e o n i n e ,  t h e  f o r m e r  may have  i t s  own 
i n d e p e n d e n t  t r a n s p o r t  s y s t e m .
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6 . 3 . 1  GGT From C a c o -2  C e l l s :  A N o v e l  S o u rc e
The enzyme GGT was f o u n d  t o  be p r e s e n t  i n  t h e  C a c o -2  c e l l s  ( a  
n o v e l  s o u r c e )  a t  l e v e l s  c o m p a r a b le  t o  GGT i n  o t h e r  
r e l a t e d  s o u r c e s ^ i o  ( i e :  t h i s  w o rk  0 . 1 4  u n i t s  p g - i  o f  DNA o r  1 
u n i t  p e r  5 . 3  x  10^ c e l l s ) .  The a c t i v i t y  o f  GGT was a l s o  shown t o  
i n c r e a s e  d r a m a t i c a l l y  when t h e  c e l l s  had f o r m e d  a f u l l  m o n o la y e r  
and had d i f f e r e n t i a t e d  ( F i g u r e  6 . 1 ) ,  i e :  a f t e r  10 d a y s .  T h i s  i s  
c o n s i s t e n t  w i t h  GGT o b s e r v e d  i n  o t h e r  d i f f e r e n t i a t e d  c e l  I s , 8 6 , 2 1 1  
as w e l l  as h i g h l i g h t i n g  t h a t  GGT i s  a c t u a l l y  a s s o c i a t e d  w i t h  t h e  
b r u s h  b o r d e r  e n z y m e s , 2 s i e : i n  t h e  v i l l u s  c e l l s  a t  t h e  t i p s  o f  
t h e  m i c r o v i l l i ,  w h i c h  o n l y  a p p e a r  upon d i f f e r e n t i a t i o n .
The r e s u l t s  f r o m  t h e  v a r i o u s  e x p e r i m e n t s  t h a t  we re  c a r r i e d  o u t  
t o  com pare  t h e  c a t a l y t i c  a c t i o n  o f  GGT p r e s e n t  i n  t h e  C a c o -2  c e l l s  
( i n  v i v o )  and t h e  i s o l a t e d  b o v i n e  k i d n e y  GGT ( i n  v i t r o )  
( C h a p t e r s  3 - 5 ) ,  showed t h e  enzyme f r o m  tw o  s o u r c e s  t o  be v e r y  
s i m i l a r .  These  i n c l u d e d  t h e  c o n c e n t r a t i o n  p r o f i l e  o f  g l y c y l g l y c i n e  
(K M = 6 m M )  and t h e  a c t i v i t y  r a t i o s  o b s e r v e d  f o r  a w id e  ra n g e  o f  
am ino  a c i d  and d i p e p t i d e  a c c e p t o r s .  The use o f  i r r e v e r s i b l e  and 
r e v e r s i b l e  i n h i b i t o r s  s u c h  as s e r i n e - b o r a t e  c o m p le x ,  a z a s e r i n e  and 
AT -125  i n  t h e  a s s a y s ,  c l e a r l y  showed t h a t  t h e  GGT enzyme a c t i v i t y  
c o u l d  be i n h i b i t e d  i n  v i v o ,  l i k e  t h a t  o b s e r v e d  f o r  t h e  i n  v i t r o  
enzyme.  T h i s  d e m o n s t r a t e d  t h a t  t h e  enzyme GGT can be i n h i b i t e d  i n  
s i t u  on t h e  c e l l  membrane o f  t h e  C a c o -2  c e l l  m o n o l a y e r .
As t h e  above  a s s a y s  i n v o l v e d  t h e  use o f  G -p -NA as a d o n o r ,  whose 
h y d r o l y s i s  r e l e a s e d  p -N A ,  i t  was deemed n e c e s s a r y  t o  i n v e s t i g a t e  
t h e  L e x i c o l o g i c a l  e f f e c t s  o f  p-NA on C aco -2  c e l l s .  U n f o r t u n a t e l y ,  
v e r y  l i t t l e  w o rk  has been done on t h e  L e x i c o l o g i c a l  e f f e c t s  o f  
p -NA .  The o n l y  d i r e c t  e x p e r i m e n t a l  i n v e s t i g a t i o n  was t h a t  o f  
C h o p a d e z i i ,  whose s t u d y  was based  on o r a l  and i n t r a v e n o u s
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a d m i n i s t r a t i o n  t o  r a t s .  U n t i l  t h i s  s t u d y ,  no w o rk  had been done on 
t h e  t o x i c o l o g i c a l  e f f e c t s  o f  p-NA on c e l l  l i n e s .  I n  o r d e r  t o  s t u d y  
t h e  t o x i c o l o g i c a l  e f f e c t s  o f  p -NA,  a r a p i d  c o l o r i m e t r i c  as s ay ^o s  
was em p lo y e d  t o  e s t i m a t e  t h e  number  o f  c e l l s  s t i l l  a l i v e .  T h i s  
a s s a y  u t i l i s e s  a c o l o u r l e s s  s u b s t r a t e  based  on a t é t r a z o l i u m  s a l t ,  
MTT ( ( 3 - ( 4 , 5 - d i m e t h y l t h i a z o l - 2 - y l ) - 2 , 5 - d i p h e n y l  t é t r a z o l i u m
b r o m i d e ) ,  w h i c h  i s  m e t a b o l i s e d  by v a r i o u s  d e h y d r o g e n a s e  enzymes i n  
l i v i n g  c e l l s .  A c t i v e  m i t o c h o n d r i a  c l e a v e  t h e  t é t r a z o l i u m  r i n g  t o  
p r o d u c e  a c o l o u r e d  p r o d u c t ,  MTT f o r m a z a n ,  w h i c h  can be m o n i t o r e d  a t  
570nm.
These  s t u d i e s  showed a t  l e a s t  85% o f  t h e  c e l l s  a r e  s t i l l  a l i v e  
a t  t h e  l e v e l s  o f  p-NA l i b e r a t e d  f r o m  t h e  d o n o r  G-p-NA (3 .5mM) by 
GGT i n  v i v o .  How eve r ,  f r o m  t h e  l i n e a r i t y  o f  t h e  f o r m a t i o n  o f  
p -NA ,  f r o m  t h e  a s s a y s  c a r r i e d  o u t  i n  S e c t i o n s  6 . 2 . 4 ,  t h e  a c t i v i t y  
o f  GGT does n o t  seem t o  be a f f e c t e d  by t h e  p-NA k i l l i n g  t h e  c e l l s .  
I f  i t  we re  t h e n  a d r a m a t i c  c u r v e t t u r e  w o u ld  be o b s e r v e d  i n  such  
a s s a y s .  T h i s  s u g g e s t s  t h a t  t h e  enzyme i n  v i v o  has v e r y  s i m i l a r  
c a t a l y t i c  b e h a v i o u r  i n  l i v e  c e l l s  com pared  t o  dead c e l l s  w h i c h  may 
be c l a s s e d  as an i n  v i t r o  s i t u a t i o n .
6 . 3 . 2  GGT I n v o l v e m e n t  i n  Am ino  A c i d  T r a n s p o r t
The s u b j e c t  o f  am ino  a c i d  and o l i g o p e p t i d e  a b s o r p t i o n  and 
t r a n s l o c a t i o n  has been t h e  s u b j e c t  a c o n s i d e r a b l e  amoun t  o f  
r e s e a r c h  e f f o r t .  U n f o r t u n a t e l y  n o - o n e  has p r o v e d  c o n c l u s i v e l y  by 
w h a t  mechan isms a n d / o r  p a th w a y s  t h e s e  compounds a r e  t r a n s l o c a t e d  
a c r o s s  c e l l  membranes. M o s t  i n v e s t i g a t o r s  do  a g r e e  h o w e v e r ,  t h a t  
t h e r e  a r e  s e v e r a l  d i s t i n c t  p a t h w a y s ,  some o f  w h i c h  a r e  p a s s i v e  and 
some o f  w h i c h  a r e  a c t i v e ,  e i t h e r  o f  w h ic h  may be s o d iu m  d e p e n d e n t  
o r  i n d e p e n d e n t .
Amongst  t h e  c o n f l i c t i n g  i n v e s t i g a t i o n s  and c o n c l u s i o n s  i s  t h e  
d e b a t e  s u r r o u n d i n g  t h e  h y p o t h e s i s  t h a t  t h e  g a m m a -g lu ta m y l  c y c l e
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v i a  GGT, i s  i n v o l v e d  i n  t h e  t r a n s p o r t  o f  am ino  a c i d s .  I n  t h i s  s t u d y
t h e  o b j e c t i v e  i s  t o  show w h e t h e r  o r  n o t  t h e  enzyme GGT i s  i n v o l v e d
i n  some m anne r ,  i n  one o r  more o f  t h e  t r a n s l o c a t i o n  p r o c e s s  a c r o s s  
C a c o -2  c e l l  m o n o l a y e r s  (an  i n  v i t r o  model s y s t e m  o f  t h e  s m a l l  
i n t e s t i n e ) . i 7 , i a
These  s t u d i e s  have  d e m o n s t r a t e d  t h a t  t h e r e  a r e  tw o
d i s t i n c t  c om pon en ts  t o  t h e  t r a n s c e l 1u l a r  t r a n s l o c a t i o n  o f  am ino
a c i d s  t h r o u g h  C aco -2  c e l l  m o n o l a y e r s .  One o f  t h e s e  i s  d e p e n d e n t  
upon GGT as  shown by i t s  a b s e nc e  on i n h i b i t i o n  o f  GGT ( F i g u r e s
6 . 7  t o  6 . 9 ) .  T h i s  p r o c e s s  i s  s a t u r a b l e  as shown by F i g u r e  6 . 6 ,  
w he re  b o t h  g l y c i n e  and g l y c y l g l y c i n e  have  Km v a l u e s  o f  a b o u t  ImM, 
The p r o c e s s  can o p e r a t e  a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t  ( F i g u r e s
6 . 7  & 6 . 1 7 )  t h u s  i s  c a r r i e r - m e d i a t e d  ( a c t i v e ) ,  and i s  t e m p e r a t u r e  
d e p e n d e n t  ( F i g u r e  6 . 1 5 ) .  I t  o p e r a t e s  i n  t h e  u n i d i r e c t i o n a l  
t r a n s l o c a t i o n  o f  am ino  a c i d s  f r o m  t h e  a p i c a l  s u r f a c e  a c r o s s  t h e  
b a s o l a t e r a l  membrane ( F i g u r e  6 . 1 0 ) .  G iv e n  t h e  b r u s h - b o r d e r  
l o c a l i s a t i o n  o f  GGT, t h i s  co m pon en t  i s  l i k e l y  t o  be s i t u a t e d  a t  t h e  
a p i c a l  r e g i o n  o f  t h e  c e l l  membrane.
The s ec on d  com ponen t  i s  u n a f f e c t e d  by t h e  i n h i b i t i o n  o f  GGT 
( F i g u r e s  6 . 7  & 6 . 1 6 )  and i s  u n a b l e  t o  t r a n s p o r t  a g a i n s t  a
c o n c e n t r a t i o n  g r a d i e n t .  The p r o c e s s  i s  t e m p e r a t u r e  i n d e p e n d e n t  
( F i g u r e  6 . 1 5 )  and b i d i r e c t i o n a l  ( F i g u r e  6 . 1 0 ) .  T h i s  p a s s i v e  p r o c e s s  
i s  l i k e l y  t o  be t h e  p r o c e s s  w h ic h  e x i s t s  a t  t h e  b a s o l a t e r a l  r e g i o n  
o f  t h e  membrane,  whe re  i t  has been h y p o t h e s i s e d  by Mathews e t  
a l . ,4 t h a t  t h e  a b i l i t y  t o  t r a n s p o r t  am ino  a c i d s  i n  e i t h e r  
d i r e c t i o n  w o u ld  have a p h y s i o l o g i c a l  r o l e  i n  t h e  u p t a k e  o f  am ino  
a c i d s  f r o m  t h e  i n t e s t i n a l  lumen i n t o  t h e  b l o o d s t r e a m .  ^
The a c t i v e  t r a n s p o r t  r a t e s  o f  t h e  r a d i o l a b e l l e d  compounds ,  
g l y c y l g l y c i n e ,  g l y c i n e  and l e u c i n e  w e re  o b t a i n e d  as  f o l l o w s ,  585 
( ± 2 4 ) ,  2 8 7 ( 1 1 6 )  and 2 9 0 ( 1 1 8 )  pmolcm-z m i n " i .  These compared
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w e l l  w i t h  t h o s e  o b s e r v e d  i n  t h e  a n a l y s i s  by h . p . l . c . ,  c o n f i r m i n g  
t h e  v a l i d i t y  o f  t h e  t e c h n i q u e .  The m a j o r i t y  o f  t h i s  d i s c u s s i o n  
d e a l s  w i t h  t h e  i n v e s t i g a t i o n s  c a r r i e d  o u t  w i t h  t h e  r a d i o l a b e l l e d  
s u b s t r a t e s .  The p a s s i v e  t r a n s p o r t  o b s e r v e d  f o r  t h e  r a d i o l a b e l l e d  
am ino  c i d s  i n  t h e  p r e s e n c e  o f  a GGT i n h i b i t o r  and N - a c e t y l - g l y c i n e  
was 8 7 ( ± 6 ) p m o l  cm~2 m i n - i .
The a c t i v e  t r a n s p o r t  o f  [ 2 - 3 H ] g l y c y l g l y c i n e  and 
[ 2 - 8 H ] g l y c i ne i s  u n a f f e c t e d  by a 2 - f o l d  i n c r e a s e  i n  c o n c e n t r a t i o n  
g r a d i e n t ,  b u t  e x c e s s  u n l a b e l l e d  g l y c i n e  r e d u c e s  b o t h  t h e  a c t i v e  
t r a n s p o r t  o f  g l y c y l g l y c i n e  and g l y c i n e ,  when a p p l i e d  t o  t h e  a p i c a l  
s u r f a c e  ( F i g u r e  6 . 1 7 ) .  T h i s  may be e v i d e n c e  t h a t  g l y c i n e  and 
g l y c y l g l y c i n e  a r e  c o m p e t i n g  f o r  t r a n s l o c a t i o n  by t h e  same 
m echan ism ,  i n v o l v i n g  t h e  enzyme GGT. A l t e r n a t i v e l y ,  s i n c e  h i g h  
c o n c e n t r a t i o n s  o f  g l y c i n e  i n h i b i t  GGT d i r e c t l y  ( C h a p t e r  4 ) ,  t h e r e  
may be some o t h e r  i n t e r f e r e n c e  w i t h  t h e  am ino  a c i d  t r a n s l o c a t i o n  
p r o c e s s .  I t  may be a c o m b i n a t i o n  o f  t h e s e  a c t i o n s  w h ic h  l e a d s  t o  
t h e  o v e r a l l  d e c r e a s e  i n  t h e  r a t e  o f  t r a n s l o c a t i o n . T h i s  h i g h l i g h t s  
one o f  t h e  d i f f i c u l t i e s  c a r r y i n g  o u t  c o m p e t i t i o n  r e a c t i o n s  be tween  
t r a n s p o r t  p a t h w a y s ,  i t  i s  n o t  c e r t a i n  how t h e  v a r i o u s  p a th w a y s  
o v e r l a p  o r  i n t e r f e r e .
H i d a l g o  & B o r c h a r d t® ^  have  shown t h e  t r a n s c e l 1u l a r  t r a n s p o r t  
o f  p h e n y l a l a n i n e  a c r o s s  C a c o -2  c e l l  m o n o l a y e r s  i s  m e d ia t e d  by a 
c a r r i e r  s y s t e m .  T h i s  c a r r i e r  s y s te m  i s  u n i d i r e c t i o n a l ,  Na+ 
d e p e n d e n t ,  s h a r e d  by o t h e r  l a r g e  n e u t r a l  am ino  a c i d s  and c a t i o n i c  
am ino  a c i d s  and e x h i b i t s  a s t e r e o s p e c i f i c i t y  t o w a r d s  L - i s o m e r s .  
They a l s o  d i s c o v e r e d  t h a t  t h e  t r a n s i o c a t o n  p r o c e s s  i s  a two  
com pon en t  s y s t e m ,  one c o m p o n e n t  o f  w h i c h  i s  t e m p e r a t u r e  d e p e n d e n t .  
These w o r k e r s  o b t a i n e d  a Vmax o f  5 7 2 . 4  pmol mg p r o t e i n " i m i n ~ i  
(242  pmol c m - 2 m i n - i ) ,  f o r  p h e n y l a l a n i n e  t r a n s l o c a t i o n  w i t h  a 
Km v a l u e  o f  a b o u t  0.25mM, w h ic h  a r e  c o m p a r a b le  t o  t h e  v a l u e s
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o b s e r v e d  i n  t h i s  s t u d y .  U n f o r t u n a t e l y ,  H i d a l g o  & B o r c h a r d t® ^  d i d  
n o t  c o n s i d e r  t h e  i n v o l v e m e n t  o f  GGT and some o f  t h e i r  f i n d i n g s  can  
be e x p l a i n e d  by GGT b e i n g  p a r t  o f  t h e  t r a n s l o c a t i o n  p r o c e s s .
The f i n d i n g s  i n  t h i s  C h a p t e r  i n d i c a t e  t h a t  t h e  a c t i v e  p a th w a y  i s  
t e m p e r a t u r e  d e p e n d e n t ,  s a t u r a b l e ,  u n i d i r e c t i o n a l ,  c a r r i e r - m e d i a t e d  
and d e p e n d e n t  upon GGT. T h i s  can be l i n k e d  t o  t h e  f i n d i n g s  o f  
C h a p t e r  4 ,  t h e  enzyme GGT ha s  been shown t o  r e a c t  w i t h  a l l  a - a m in o  
a c i d s  b u t  i s  s t e r e o s p e c i f i c  t o  L - i s o m e r s .  A l s o  t h e  o r d e r  o f  t h e  
t r a n s l o c a t i o n  r a t e s  com pare  w e l l  w i t h  t h e  o r d e r  o f  t h e  a c t i v i t y  
r a t i o s  i n  C h a p t e r  4 ,  i e :  g l y c y l g l y c i n e  > g l y c i n e  > l e u c i n e  and t h i s  
i s  c o n s i s t e n t  w i t h  t h e  i n v o l v e m e n t  o f  GGT i n  t h i s  t r a n s p o r t  
p r o c e s s .  T h i s  r a t i o  b e tw e en  t r a n s p o r t  o f  g l y c y l g l y c i n e  and g l y c i n e  
has a l s o  been shown by Code,®®® who l o o k e d  a t  t h e  t r a n s p o r t  o f  
t h e s e  com pon en ts  i n  human j e j u n a l .  F u r t h e r  e v i d e n c e  comes f r o m  t h e  
t r a n s p o r t  e x p e r i m e n t s  u s i n g  u n l a b e l l e d  am ino a c i d s  ( S e c t i o n  6 . 2 . 8 ) ,  
wh e re  a l l  a - a m in o  a c i d s  have  t r a n s p o r t  r a t e s  h i g h e r  t h a n  t h o s e  t h a t  
a r e  n o t ,  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  o f  h i g h e r  a c t i v i t y  r a t i o s  
( C h a p t e r  4 ) .  F o r  e x a m p le  ( 3 - a l a n i n e  and t a u r i n e ,  w h i c h  a r e  p o o r  
a c c e p t o r s  and a r e  t r a n s p o r t e d  more  s l o w l y  t h a n  t h e  a - a m in o  a c i d s .  
P r o l i n e ,  a p r o v e n  non a c c e p t o r ,  i s  n o t  t r a n s p o r t e d  a g a i n s t  a 
c o n c e n t r a t i o n  g r a d i e n t ,  i e :  n o t  t r a n s p o r t e d  by t h e  a c t i v e  p r o c e s s  
w h ic h  i s  d e p e n d e n t  upon GGT.
H i d a l g o  & B o rcha rd t® ®  e s t i m a t e d  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  
t r a n s c e l 1u l a r  t r a n s p o r t  o f  p h e n y l a l a n i n e  t o  be 5 0 k J m o l - i ,  w e l l  
w i t h i n  t h e  a c t i v a t i o n  e n e r g i e s  o f  a s s o c i a t e d  e n z y m a t i c  r e a c t i o n s  o r  
c a r r i e r — m e d ia te d  p r o c e s s e s  ( 2 9 - 1 0 5 k J m o l - i ) . 2 i ®  O t h e r
workers®" '® have  shown t h a t  t h e  a c t i v a t i o n  e n e r g y  o f  GGT i s  a b o u t  
4 0 k J m o l - i  ( t h i s  w o rk  4 5 k J m o l - i  ( C h a p t e r  3 ) ) .  How eve r ,  t h e r e  a r e  
s e v e r a l  o t h e r  s t e p s  i n  t h e  g a m m a -g lu ta m y l  c y c l e  w h i c h  may have  a 
h i g h e r  a c t i v a t i o n  e n e r g y .  The p a s s i v e  t r a n s l o c a t i o n  i n v e s t i g a t e d  i n
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t h i s  c h a p t e r  t a k e s  p l a c e  a t  t h e  same r a t e  a t  4 'C  as a t  3 7 'C  ( F i g u r e
6 . 1 5 ) ,  s u g g e s t i n g  t h a t  v e r y  l i t t l e  e n e r g y  i s  r e q u i r e d  f o r  t h i s  
p r o c e s s ,  i e ;  i t  r e q u i r e s  o n l y  t h e  a c t i v a t i o n  e n e rg y  o f  a s i m p l e  
d i f f u s i o n  p r o c e s s ( <17kJmol~^  ) . ® i7
The p o s s i b l e  r o l e  o f  ATP i n  t h e  o v e r a l l  t r a n s l o c a t i o n  p r o c e s s
was i n v e s t i g a t e d  by H i d a l g o  e t  a l . , ® ®  who used sod ium  a z i d e  as  an 
i n h i b i t o r  o f  o x i d a t i v e  p h o s p h o r y l a t i o n ® i ®  and fo u n d  a s i g n i f i c a n t  
d r o p  o f  15% i n  t h e  t r a n s p o r t  r a t e  o f  p h e n y l a l a n i n e .  I n  t h i s  s t u d y  
r o t e n o n e ,  a p o w e r f u l  i n h i b i t o r  o f  m i t o c h o n d r i a l  e l e c t r o n  
t r a n s p o r t , ®^8 »®^® was used  and was f o u n d  t o  r e d u c e  t h e  t r a n s p o r t  
r a t e  o f  l e u c i n e  by a b o u t  10% ( F i g u r e  6 . 1 6 ) .  T h i s  e f f e c t  o f  ATP 
d e p l e t i o n  on t r a n s l o c a t i o n  m i g h t  be i n t e r p r e t e d  i n  t e r m s  o f  t h e  
r e q u i r e m e n t  f o r  ATP f o r  f u n c t i o n i n g  o f  t h e  gam m a -g lu ta m y l  c y c l e
( f o r  g l u t a t h i o n e  r e f o r m a t i o n ) . ®7 - 2 9 Howeve r ,  t h e  e n e r g y  
dep ende ncy  o f  many am ino  a c i d  t r a n s p o r t  c a r r i e r  s y s te m s  i s  a l s o  
w e l l  e s t a b l i s h e d .
Taken t o g e t h e r  t h e  r e s u l t s  o b t a i n e d  h e r e  p r o v i d e  d i r e c t  s u p p o r t  
f o r  GGT b e in g  i n v o l v e d  i n  t h e  a c t i v e  t r a n s l o c a t i o n  o f  c e r t a i n  am ino 
a c i d s  and d i p e p t i d e s  a c r o s s  t h e  C a co -2  c e l l  m o n o l a y e r s .  Howeve r ,  
l o o k i n g  a t  t h e  a c t i v e  and p a s s i v e  p r o c e s s e s  i n  d e t a i l  r e v e a l s
c e r t a i n  u nansw e red  q u e s t i o n s .
I f  one assumes t h a t  b o t h  t h e  u n i d i r e c t i o n a l  a c t i v e  and t h e  
b i d i r e c t i o n a l  p a s s i v e  p r o c e s s e s  a r e  b o t h  p r e s e n t  i n  t h e  a b s e n c e  o f  
any GGT i n h i b i t o r  o r  c o m p e t i n g  s u b s t r a t e  as i n  F i g u r e  6 . 7 ,  why i s  
i t  t h a t  t h e  t r a n s l o c a t i o n  o f  g l y c y l g l y c i n e  r e a c h e s  98%? T h i s  
s u g g e s t s  t h a t  t h e r e  i s  no p a s s i v e  back  d i f f u s i o n  f r o m  t h e  
b a s o l a t e r a l  t o  t h e  a p i c a l  s i d e ,  because  i f  t h e r e  we re  an
e q u i l i b r i u m  w o u ld  be s e t  up ,  w i t h  20-30% o f  t h e  r a d i o a c t i v i t y  
r e m a i n i n g  on t h e  a p i c a l  s i d e ,  based on r e l a t i v e  r a t e s  o f
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t r a n s l o c a t i o n  and v o lu m e s  i n  t h e  r e s p e c t i v e  a p i c a l  and b a s o l a t e r a l  
c o m p a r t m e n t s .
A l t h o u g h  t h i s  seems t o  be an a n o m a ly ,  i t  may s i m p l y  i n d i c a t e  
t h a t  a r e g u l a t o r y  p r o c e s s  i s  i n  a c t i o n ,  i e :  t h e  p a s s i v e  p a th w a y  can 
be p a r t l y  o r  t o t a l l y  s w i t c h e d  o f f  i n i t i a l l y  o r  p r o g r e s s i v e l y  w h i l e  
t h e  a c t i v e  p a th w a y  i s  i n  o p e r a t i o n .  T h i s  h y p o t h e s i s  g a i n s  
c r e d i b i l i t y  f r o m  t h e  w o rk  o f  V i n a  e t  a l . ,® ® » ® ^  who have  r e p o r t e d  
t h e  d i r e c t  i n v o l v e m e n t  o f  GGT i n  t h e  u p t a k e  o f  am ino  a c i d s  by t h e  
r a t  mammary g l a n d ,  by u s i n g  o f  GGT s p e c i f i c  i n h i b i t o r s ,  and f o u n d  
t h a t  some b u t  n o t  a l l  t r a n s p o r t  was r e t a r d e d .  I n  a l a t e r  
s t u d y , 20 '21  u s i n g  t h e  same model s y s t e m ,  t h e y  o b s e r v e d  t h e  
c a t a l y s i n g  e f f e c t  o f  5 - o x o p r o l i n e  ( a  p r o d u c t  f r o m  g a m m a -g lu ta m y l  
c y c l o t r a n s f e r a s e ) and g a m m a - g l u t a m y 1 - g l u t a m i ne ( a  t r a n s p e p t i d a t i o n  
p r o d u c t  f r o m  GGT) on t h e  u p t a k e  o f  am ino  a c i d s .  T h i s  f i n d i n g  l e d  t o  
t h e  p o s t u l a t i o n  t h a t  t h e s e  w e re  a c t i v a t o r s  ( m e s s e n g e r s )  t o  s i g n a l  
an i n c r e a s e  i n  t h e  r a t e  o f  am ino  a c i d  u p t a k e  by some unknown 
s y s t e m .  So h e r e  i s  a way t o  r e g u l a t e  t h e  t r a n s p o r t  o f  am ino  a c i d s  
w h ic h  i s  i n d i r e c t l y  d e p e n d e n t  upon t h e  GGT and t h e  g a m m a -g lu ta m y l  
c y c l e .  T h i s  m e s s e n g e r / a c t i v a t o r  e x p l a n a t i o n  as p a r t  o f  t h e  
i n v o l v e m e n t  o f  GGT i n  am in o  a c i d  t r a n s l o c a t i o n  w o u ld  c o u n t e r  t h e  
a rg u m e n ts  a g a i n s t  t h e  g a m m a -g lu ta m y l  c y c l e  ( S e c t i o n  1 . 6 )  b e i n g  
i n v o l v e d .
S e v e r a l  o t h e r  s t u d i e s ® ® , 1 1 0 - 1 1 2 , 2 2 0  have  d e m o n s t r a t e d  t h e  
d i r e c t  i n v o l v e m e n t  o f  GGT i n  am ino  a c i d  t r a n s l o c a t i o n .  By t h e  use 
o f  GGT s p e c i f i c  i n h i b i t o r s ,  t h e y  show o n l y  p a r t i a l  and n o t  t o t a l  
r e d u c t i o n  i n  t h e  am ino  a c i d  t r a n s p o r t  o r  u p t a k e .  F o r  e x a m p le ,  
V i n a  e t  a l . 220  a l s o  f o u n d  t h a t  a c i v i c i n  i n h i b i t e d  GGT i n  human 
k é r a t i n o c y t e s ,  and s u b s e q u e n t l y  d e c r e a s e d  t h e  u p t a k e  o f  a l a n i n e ,  
a - A I B ,  l e u c i n e  and c y c l o l e u c i n e .  They c o n c l u d e d  t h a t  t h e  
g a m m a -g lu ta m y l  c y c l e  was n o t  a s y s te m  f o r  am ino  a c i d  t r a n s p o r t ,  b u t
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r a t h e r  a mechan ism f o r  t h e  c o n t r o l  o f  am ino a c i d  u p t a k e  by s e p a r a t e  
s p e c i a l i s e d  t r a n s p o r t  s y s t e m s .
I n  summary ,  b o t h  a c t i v e  and p a s s i v e  p r o c e s s e s  a r e  a b l e  t o  
t r a n s l o c a t e  t h e  am ino  a c i d s  down a c o n c e n t r a t i o n  g r a d i e n t .  I t  
a p p e a r s  t h a t  t h e  a c t i v e  p r o c e s s  f o r m s  m e s s e n g e r s / a c t i v a t o r s  w h ic h  
a r e  p r o d u c e d  v i a  GGT a n d / o r  t h e  g a m m a -g lu ta m y 1 c y c l e ,  w h i c h  s i g n a l  
f o r  t h e  p a s s i v e  p r o c e s s  t o  s h u t  down. A t  t h i s  p o i n t  w h e re  t h e  
a c t i v e  p r o c e s s  i s  t h e  m a j o r  t r a n s l o c a t i o n  p a th w a y ,  t r a n s p o r t  
a g a i n s t  a c o n c e n t r a t i o n  g r a d i e n t  can be a c h i e v e d .  A f t e r  t h e  
t r a n s l o c a t i o n  i s  c o m p l e t e  and t h e  c o n c e n t r a t i o n  on t h e  b a s o l a t e r a l  
s i d e  o f  t h e  c e l l  has f a l l e n ,  t h e  m e s s e n g e r s / a c t i v a t o r s  become 
i n a c t i v e ,  p e r h a p s  beca use  t h e y  a r e  h y d r o l y s e d  o r  t r a n s p o r t e d  
t h e m s e l v e s ,  so  t h a t  t h e  p a s s i v e  t r a n s l o c a t i o n  p a th w a y  can be opened 
a g a i n .
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6 . 4  S U M M A R Y
1) The use o f  t h e  C aco -2  c e l l  m o n o la y e r  i n  t h i s  s t u d y  i n d i c a t e s  t h e  
u t i l i t y  o f  an i n  v i t r o  t r a n s p o r t  model s y s te m  f o r  t h e  s m a l l  
i n t e s t i n e .  E s p e c i a l l y  a d v a n ta g e o u s  i s  t h e  s i m p l i c i t y  o f  t h e  s y s t e m  
and t h e  a c c e s s i b i l i t y  o f  b o t h  s i d e s  o f  t h e  c e l l  m o n o l a y e r .
2 )  The s t u d y  r e v e a l s  a n o v e l  s o u r c e  o f  t h e  enzyme GGT, and
shows t h a t  i t s  c a t a l y t i c  a c t i v i t y  was f o u n d  t o  be s i m i l a r  t o  t h a t  
f r o m  o t h e r  s o u r c e s .  GGT i s  a s s o c i a t e d  w i t h  t h e  b r u s h  b o r d e r  
membranes,  p r o b a b l y  t h e  v i l l u s  c e l l s  o f  t h e  m i c r o v i l l i .
3 )  E v i d e n c e  i s  p r e s e n t e d  f o r  tw o  d i s t i n c t  am ino  a c i d  t r a n s l o c a t i o n  
p a t h w a y s .  One i s  an a c t i v e ,  c a r r i e r - m e d i a t e d , t e m p e r a t u r e  
d e p e n d e n t ,  s a t u r a b l e  p r o c e s s  w h ic h  i s  d e p e n d e n t  upon GGT. The
secon d  p r o c e s s  i s  i n d e p e n d e n t  o f  GGT, p a s s i v e ,  and n o t  t e m p e r a t u r e  
d e p e n d e n t .
4 )  T h e re  i s  s t r o n g  s u g g e s t i o n  o f  a r e g u l a t o r y  i n t e r a c t i o n  b e tw e en  
t h e  a c t i v e  and p a s s i v e  p a t h w a y s .  The p a s s i v e  pa thw a y  may be p a r t l y  
o r  c o m p l e t e l y  s h u t  down, i n i t i a l l y  o r  p r o g r e s s i v e l y ,  w h i l e  t h e
a c t i v e  p r o c e s s  i s  i n  o p e r a t i o n .
5 )  T h i s  w o rk  p r o v i d e s  t h e  s t r o n g e s t  e v i d e n c e  t o  d a t e  f o r  t h e
i n v o l v e m e n t  o f  GGT i n  b o t h  am ino  a c i d  and d i p e p t i d e  t r a n s p o r t  
a c r o s s  t h e  mammal ian g u t  ( s m a l l  i n t e s t i n e )  w h i c h  may i n v o l v e  b o t h  a 
t r a n s l o c a t i o n  ( v i a  g a m m a -g lu ta m y l  c y c l e )  and a r e g u l a t i o n  p r o c e s s .
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6 . 5  E X R E R  I M E M T ~ A I -
6 . 5 . 1  M a t e r i a l s
A l l  o f  t h e  c h e m i c a l s  used  i n  t h i s  c h a p t e r  w e re  e i t h e r  s y n t h e s i s e d  
( C h a p t e r  2)  o r  p u r c h a s e d  f r o m  S igma o r  A l d r i c h ,  e x c e p t  t h e  
f o l l o w i n g .
[ 4 , 5 - 3 H ] L e u c i ne was o b t a i n e d  f r o m  t h e  h y d r o l y s i s  o f  
[ 4 , 5 - 3 H ] N - a c e t y l - l e u c i n e ,  w h i c h  was a k i n d  g i f t  f r o m  Mr M .S wa in  
o f  t h i s  d e p a r t m e n t .  The h y d r o l y s i s  was c a r r i e d  o u t  i n  a s i m i l a r  
manner  t o  t h a t  o f  [ 2 - 3 H ] N - a c e t y l - g l y c i n e  ( s e e  S e c t i o n  2 . 3 . 4 . 1 3 ) .  
U n i s o l v e  E was o b t a i n e d  f r o m  Koch L t d . ,  w h i l e  t h e  t r a n s p o r t  
e x p e r i m e n t s  we re  c a r r i e d  o u t  on M i l l i c e l l T M - H A  i n s e r t s  (30mm 
d i a m e t e r ,  m i c r o p o r o u s  ( p o r e  s i z e  0 .4 5 p M )  membrane f i l t e r  made f r o m  
m ixed  e s t e r s  o f  c e l l u l o s e )  p u r c h a s e d  f r o m  M i l l i c e l l .
A l l  c e l l  c u l t u r e  m e d ia  s u p p le m e n t s  we re  p u r c h a s e d  f r o m  G ib c o ,  w h i l e  
t h e  D u l b e c c o ’ s m o d i f i e d  E a g l e ’ s medium (DMEM) was o b t a i n e d  f r o m  
N o r t h u m b i a  B i o l o g i c a l .  DMEM a b s e n t  o f  p h e n o l  r e d  i n d i c a t o r  was a 
k i n d  g i f t  f r o m  I a n  Hassam o f  C ib a  G e ig y ,  Horsham.
6 . 5 . 2  I n s t r u m e n t a t i o n
P r o t o n  ( i H )  and t r i t i u m  ( ^ H )  n u c l e a r  m a g n e t i c  r e s o n a n c e  
( n . m . r . )  s p e c t r a  we re  o b t a i n e d  u s i n g  a B r u k e r  AC 300 s p e c t r o m e t e r . 
DSS was used as an i n t e r n a l  s t a n d a r d  f o r  t h o s e  s a m p le s  r u n  i n  
D2 O. Peak p o s i t i o n s  a r e  q u o t e d  i n  ppm r e l a t i v e  t o  DSS ( z e r o ) .
L i q u i d  s c i n t i l l a t i o n  was c a r r i e d  o u t  u s i n g  U n i s o l v e  E as a 
s c i n t i l l a n t  w i t h  t h e  c o u n t i n g  b e i n g  c a r r i e d  o u t  on a Beckmann LS 
1800 s c i n t i l l a t i o n  c o u n t e r .
A B e r t h o l d  LB 2842 a u t o m a t i c  TLC l i n e a r  a n a l y z e r  c o u p l e d  t o  an 
A p p le  l i e  c o m p u t e r  was used  t o  v i s u a l i s e  t h e  r a d i o a c t i v e  compounds 
on TLC p l a t e s .
A D y n a te c h  MR 6000 m i c r o p l a t e  r e a d e r  c o u p le d  t o  a BBC c o m p u t e r  was 
used t o  m easure  t h e  a b s o r b a n c e s  o f  w e l l s  i n  9 6 - w e l l  p l a t e s .
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A l l  o f  t h e  m a n i p u l a t i o n s  i n v o l v i n g  t h e  c e l l  c u l t u r e  we re  c a r r i e d  
o u t  i n s i d e  a F l o w l a b s  G e l a i  r e  BSB 4 s t e r i l e  f l o w  hood .
Beckman GPR and Labm ark -VS L  c e n t r i f u g e s  w e re  e m p lo yed  d u r i n g  t h e
c o u r s e  o f  t h e  c e l l  c u l t u r e  w o r k .
A P e r k i n - E l m e r  LS-3  f l u o r e s c e n c e  s p e c t r o p h o t o m e t e r  was used i n  t h e  
DNA a n a l y s i s  o f  c e l l  s o l u t i o n s .
H . p . l . c  o f  PITC d e r i v a t i s e d  am ino  a c i d s  was c a r r i e d  o u t  on a 
r e v e r s e  phase  c o lu m n  ( N o v a - P a k  Ci 8 W a te rs  8 6 3 3 4 )  c o u p le d  t o  a
S p e c t r a  P h y s i c s  SP8700 s o l v e n t  d e l i v e r y  s y s t e m .  A UV d e t e c t o r  
UVIKON 735LC was used  t o  m o n i t o r  t h e  a b s o r b a n c e  a t  254nm, c o n n e c t e d  
t o  a S i n c l a i r  S p e c t ru m +  c o m p u t e r ,  w h ic h  was a b l e  t o  s t o r e ,  
m a n i p u l a t e  and i n t e g r a t e  t h e  d a t a .
6 . 5 . 3  G e n e ra l P r o c e d u r e s
A l l  o f  t h e  c h e m i c a l s  and s o l u t i o n s  used i n  t h e  c u l t u r i n g  o f  t h e
c e l l s  w e re  e i t h e r  b o u g h t  s t e r i l i s e d  o r  s t e r i l i s e d  f i l t e r e d  j u s t  
p r i o r  t o  u s e .  L i k e w i s e  t h e  p i p e t t e s ,  f l a s k s ,  i n s e r t s ,  m u l t i - w e l l  
p l a t e s  we re  a l l  p u r c h a s e d  s t e r i l i s e d ,  w h i l e  a l l  o t h e r  a p p a r a t u s  was 
a u t o c l a v e d  f o r  s t e r i l i s a t i o n .
The s o l u t i o n s  used f o r  a s s a y i n g  GGT a c t i v i t y  i n  t h e  c e l l s ,  we re  
based on p h o s p h a t e  b u f f e r  s a l i n e  (PBS, 0 .1 M ,  pH 8 . 5 )  and we re  
s t e r i l i s e d  f i l t e r e d  j u s t  p r i o r  t o  u s e .  A D y n a te c h  m i c r o p l a t e  r e a d e r  
was used  t o  m easu re  t h e  a b s o r b a n c e  a t  410nm a g a i n s t  a r e f e r e n c e  a t  
490nm f o r  t h e  e x p e r i m e n t s  i n v o l v i n g  t h e  f o r m a t i o n  o f  p-NA f r o m  
G -p -NA .  The i n i t i a l  r a t e s  w e re  c a l c u l a t e d  u s i n g  a l e a s t  s q u a r e s  
p r o g ra m  ( A p p e n d i x  3 ) .
6 . 5 . 4  E x p e r i m e n t a l  P r o c e d u r e s
6 . 5 . 4 . 1  C e l l  C u l t u r e
C aco-2  c e l l s  we re  g rown i n  25cms and 225cm3 f l a s k s  i n  a humid  
a t m o s p h e r e  o f  5% CO2 a t  3 7 ” 0 .  The c u l t u r e  m e d ia  c o n s i s t e d  o f
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DMEM, s u p p le m e n t e d  w i t h  10% f o e t a l  c a l f  s e ru m ,  1% n o n - e s s e n t i a l  
a m in o  a c i d s ,  1 % p e n i c i l l i n /  s t r e p t o m y c i n  and 1% g l u t a m i n e  (200mM).  
The c u l t u r e  m ed ia  we re  c hanged  e v e r y  o t h e r  day u n t i l  t h e  f l a s k s  
r e a c h e d  90-95% c o n f l u e n c e ,  a t  w h i c h  p o i n t  t h e  c e l l s  we re  passa g ed  
e i t h e r  i n t o  i n s e r t s ,  m u l t i - w e l l  p l a t e s  o r  new f l a s k s .
F l a s k s  c o n t a i n i n g  a c o n f l u e n t  m o n o la y e r  w e re  washed w i t h  s t e r i l e  
PBS t r e a t e d  w i t h  a m i x t u r e  o f  0.25% t r y p s i n  and 0.2% EDTA i n  PBS 
and l e f t  a t  37°C f o r  10 m i n u t e s .  The c e l l s  we re  d i s p e r s e d  i n  
med ium,  c e n t r i f u g e d  a t  lOOOg, f o r  5 m i n u t e s  and r e s u s p e n d e d  i n  
f r e s h  DMEM. They we re  seed e d  a t  2x10® c e l l s  p e r  i n s e r t ,  w h i c h  
w e re  p r e s o a k e d  w i t h  s t e r i l e  PBS. Medium was p l a c e d  on t h e  
b a s o l a t e r a l  s i d e  o f  t h e  i n s e r t ,  and was c hanged  e v e r y  o t h e r  day 
(3ml abo ve  and 2ml b e lo w  t h e  m em brane) ,  and m a i n t a i n e d  u n d e r  t h e  
c o n d i t i o n s  d e s c r i b e d  a b o v e .
The m u l t i - w e l l  p l a t e s  w e re  u s u a l l y  seeded a t  1 0 ,0 0 0  c e l l s / w e l l  
f o r  9 6 - w e l l  p l a t e s ,  and 3 0 , 0 0 0  c e l l s / w e l l  f o r  2 4 - w e l l  p l a t e s .  The 
medium i n  each w e l l  was r e p l a c e d  e v e r y  o t h e r  day by use  o f  a 
m u l t i - t i p p e d  G i l s o n  p i p e t t e ,  f i t t e d  w i t h  s t e r i l i s e d  t i p s .  The 
p l a t e s  w e re  m a i n t a i n e d  u n d e r  t h e  same c o n d i t i o n s  as t h e  i n s e r t s  and 
f l a s k s .
6 . 5 . 4 . 2  T o x i c o l o g y  S t u d y  o f  p - N i t r o a n i 1 i ne on C a co -2  C e l l s  
I n  o r d e r  t o  s t u d y  t h e  t o x i c o l o g i c a l  e f f e c t s  o f  p -NA,  a r a p i d  
c o l o r i m e t r i c  assayzos  was e m p lo y e d  t o  e s t i m a t e  t o  number  o f  c e l l s  
s t i 11 a l i v e .
The p r e s e n t  s t u d y  r e q u i r e d  a s h o r t e r  m e t a b o l i s i n g  t i m e  o f  4 h o u r s ,  
b e c a u s e  t h e  GGT as s ay  u s u a l l y  t o o k  2 h o u r s  o r  l e s s .  T h e r e f o r e  a 
h i g h e r  c o n c e n t r a t i o n  o f  c e l l s  was r e q u i r e d  so  t h a t  a s u f f i c i e n t l y  
h i g h  o p t i c a l  d e n s i t y  c o u l d  be o b s e r v e d .  From p r e v i o u s  t o x i c o l o g i c a l  
e x p e r i m e n t s ,  i t  was n o t e d  t h a t  t h e  pH o f  t h e  DMEM w o u ld  ch a n g e  a t  
v a r i o u s  c o n c e n t r a t i o n s  o f  p -NA.  The pH s e n s i t i v e  i n d i c a t o r ,  p h e n o l
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r e d ,  p r e s e n t  i n  t h e  DMEM changed  i t s  UV s p e c t r u m  a c c o r d i n g l y ,  
e s p e c i a l l y  be tw een  450 -6 00nm ,  t h e  r e g i o n  i n  w h i c h  t h e  MTT a s s a y  was 
d e t e c t e d .  I n  o r d e r  t o  e l i m i n a t e  t h i s  e r r o r ,  DMEM a b s e n t  o f  p h e n o l  
red  i n d i c a t o r  was e m p lo y e d  f o r  t h i s  a s s a y .
C a co -2  c e l l s  i n  9 6 - w e l l  p l a t e s  we re  seeded  and m a i n t a i n e d  as 
p r e v i o u s l y  d e s c r i b e d  f o r  10 d a y s ,  by w h ic h  t i m e  t h e y  w e re  f u l l y  
d i f f e r e n t i a t e d .  The DMEM was removed and t h e  w e l l s  we re  washed w i t h  
PBS ( 2 0 0 p l )  and t h e  f o l l o w i n g  w e re  added ;  DMEM ( l O O p l ,  f r e e  o f  
p h e n o l  re d  i n d i c a t o r ) ,  s t e r i l i s e d  f i l t e r e d  PBS s o l u t i o n s  o f  p-NA 
( 5 0 p l ,  c o n t a i n i n g ;  0 . 0 ,  0 . 5 ,  1 . 0 ,  1 0 .0  pm o les  o f  p -NA)  and
s t e r i l i s e d  f i l t e r e d  PBS s o l u t i o n s  o f  MTT ( 5 0 p l ,  5 m g / m l ) .  The 
9 6 - w e l l  p l a t e s  w e re  m a i n t a i n e d  a t  37°C ,  e x c e p t  when b e i n g  
m a n i p u l a t e d .  E v e ry  10 m i n u t e s  t h e  c o r r e s p o n d i n g  w e l l s  w e re  e m p t i e d  
and washed w i t h  PBS ( 2 0 0 p l ) .  DMSO ( l O O p l )  was added t o  d i s s o l v e  
t h e  MTT f o rm a z a n  c r y s t a l s  f o r m e d  i n  t h e  l i v i n g  c e l l s .  A f t e r  5 
m i n u t e s  t h e  a b s o r b a n c e  a t  570nm was measured  a g a i n s t  a r e f e r e n c e  a t  
540nm.
6 . 5 . 4 . 3  F l u o r o m e t r i c  DNA A ssayz 2 1
Samples  f o r  DNA a n a l y s i s  w e re  s o l u b i l i s e d  i n  aqueous  s o d iu m  
h y d r o x i d e  (1M) and h e a t e d  a t  60°C f o r  h a l f - a n - h o u r  t o  e n s u r e  
h o m o g e n e i t y .  Su bsam p le s  ( 1 0 0 p l )  o f  t h e  s od ium  h y d r o x i d e  c e l l  
s o l u t i o n s  w e re  added t o  s o l u t i o n s  o f  2 , 4 - d i a m i n o b e n z o i c  a c i d  
( l O O p l ,  0 . 4 g / m l )  i n  an a s s a y  t u b e  and i n c u b a t e d  f o r  45 m i n u t e s  a t  
60°C .  A f t e r  t h e  s o l u t i o n  had c o o l e d  3ml o f  0.1M HCl was added t o  
quench  t h e  r e a c t i o n .  The s a m p le s  we re  t r a n s f e r e d  t o  c u v e t t e s  and 
p l a c e d  i n  a f l u o r e s c e n e  s p e c t r o p h o t o m e t e r  w i t h  an e x c i t a t i o n  
w a v e le n g t h  s e t  a t  400nm and an e m i s s i o n  w a v e le n g t h  o f  SlOnm. A l l  o f  
t h e  s am p le s  a n a l y s e d  f o r  DNA we re  exam ined  i n  d u p l i c a t e ,  and t h e  
mean d e t e r m i n a t i o n s  a r e  q u o t e d  i n  pg o f  DNA.
A s t a n d a r d  c u r v e  s p a n n in g  0 t o  4 pg o f  DNA i n  s o l u t i o n  was
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c o n s t r u c t e d  u s i n g  t h e  abo ve  p r o c e d u r e ,  u s i n g  lOOpl a l i q u o t s  o f  a 
s o l u t i o n  c o n t a i n i n g  DNA s t a n d a r d  ( c a l f  t h y m u s  DNA).  The DNA 
s t a n d a r d s  were  done i n  r e p l i c a t e s  o f  5 and t h e  mean o f  t h e s e  was 
used  t o  p l o t  t h e  DNA s t a n d a r d  c u r v e  as shown i n  F i g u r e  6 . 2 0 .
F i g u r e  6 . 2 0 :  C a l i b r a t i o n  C u rv e  f o r  DNA A n a l y s i s
2 0 -
10 -
IDN AJ^
6 . 5 . 4 . 4  GGT A c t i v i t y  i n  C a c o -2  C e l l s
A 2 4 - w e l l  p l a t e  o f  C a c o -2  c e l l s  ( o n l y  16 w e l l s  s e e d e d ) ,  was 
m a i n t a i n e d  as d e s c r i b e d  p r e v i o u s l y  f o r  10 d a y s .  I n  t h e  r e m a i n i n g  8 
w e l l s  t h e  b a c k g ro u n d  h y d r o l y s i s ,  i e :  w i t h  no c e l l s  p r e s e n t  was 
s t u d i e d ,  u s i n g  G-p-NA ( 1 m l ,  3 .5mM),  g l y c y 1g l y c i ne ( 2 5 0 p l ,  lOOmM) 
and PBS ( 2 5 0 p l ) .  U nder  t h e  same e x p e r i m e n t a l  c o n d i t i o n s  i n  t h e  
p r e s e n c e  o f  c e l l s ,  t h e  enzyme a c t i v i t y  i n  t h e  p r e s e n c e  o f  an 
a c c e p t o r  was d e t e r m i n e d .  The a c t i v i t y  i n  t h e  a bs e nc e  o f  an a c c e p t o r  
was a l s o  s t u d i e d  by r e p l a c i n g  t h e  g l y c y l g l y c i n e  w i t h  more PBS 
(2$0pl).
A b s o r b a n c e  m easurem ents  a t  410nm we re  made e v e r y  5 m i n u t e s  f o r  t h e  
f i r s t  30 m in u t e s  and s u b s e q u e n t l y  e v e r y  h a l f  h o u r .  A f t e r  5 h o u rs  
t h e  f i n a l  r e a d i n g  was t a k e n ,  t h e  w e l l s  were  e m p t i e d  and washed w i t h  
PBS ( 2 0 0 | i l ) .  The c e l l s  w e re  t r y p s i n i s e d  ( 2 0 0 p l  o f  a m i x t u r e  o f  
0 .25% t r y p s i n  and 0.2% EDTA),  c e n t r i f u g e d  f o r  10 m i n u t e s  a t  2000g,  
r e s u s p e n d e d  i n  DMEM and th e  num ber o f  c e l l s  p e r  w e l l  c a l c u l a t e d ,  
u s i n g  a hem ocomete r^^^  (mean o f  f i v e  c o u n t s  p e r  w e l l ) .
6 . 5 . 4 . 5  GGT A c t i v i t y  i n  C a c o -2  C e l l s
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A 9 6 - w e l l  p l a t e  o f  C a c o -2  c e l l s  was m a i n t a i n e d  as d e s c r i b e d  
p r e v i o u s l y  f o r  10 d a y s .  The w e l l s  we re  e m p t i e d  o f  medium and washed 
w i t h  PBS ( 2 0 0 p l ) .  The f o l l o w i n g  PBS s t e r i l i s e d  f i l t e r e d  s o l u t i o n s  
we re  add ed ;  g l y c y 1g l y c i ne ( l O O p l ,  lOOmM) and G-p-NA ( l O O p l ,  3 .5m M ).  
One m i n u t e  a f t e r  m i x i n g ,  t h e  a b s o rb a n c e  a t  410nm was m easu red  
a g a i n s t  a r e f e r e n c e  a t  490nm. I t  was th e n  m easured  e v e r y  5 m i n u t e s  
f o r  an h o u r ,  t h e  s o l u t i o n  b e i n g  m a i n t a i n e d  a t  25 °C .  A l e a s t  
s q u a r e s  p ro g ra m  ( A p p e n d i x  3 )  was used  t o  o b t a i n  t h e  i n i t i a l  r a t e .  
A f t e r  t h e  e x p e r i m e n t  was c o m p l e t e ,  t h e  w e l l s  we re  washed w i t h  PBS 
( 2 0 0 p l ) .  Sod ium h y d r o x i d e  ( 3 0 0 p l ,  1M) was t h e n  added and l e f t  a t  
37°C f o r  an h o u r .  The s o l u b i l i s e d  c e l l s  i n  each  w e l l  we re  t h e n  
a s s a y e d  f o r  DNA ( S e c t i o n  6 . 5 . 4 . 3 ) .
6 . 5 . 4 . 6  GGT A c t i v i t y  as C a c o -2  C e l l s  M a tu re
The 2 4 - w e l l  p l a t e s  o f  C a c o -2  c e l l s  w e re  seeded  a t  1 5 ,0 0 0  c e l l s  p e r  
w e l l  and m a i n t a i n e d  as p r e v i o u s l y  d e s c r i b e d .  E v e ry  o t h e r  d a y ,  4 
w e l l s  w e re  e m p t ie d  and washed w i t h  PBS ( 1 0 0 p l ) ,  and t h e  f o l l o w i n g  
s t e r i l i s e d  f i l t e r e d  PBS s o l u t i o n s  were  add ed ;  g l y c y 1g l y c i ne ( 1 m l ,  
lOOmM) and G-p-NA ( 1 m l ,  3 .5m M ).  A f t e r  an i n i t i a l  m i n u t e  f o r  m i x i n g ,  
t h e  a b s o r b a n c e  was m easu red  e v e r y  5 m in u t e s  f o r  an h o u r  and t h e  
i n i t i a l  r a t e  was c a l c u l a t e d .  A f t e r  t h e  e x p e r i m e n t  was c o m p l e t e ,  t h e  
w e l l s  we re  washed o u t  w i t h  PBS ( 1 m l )  and s o d iu m  h y d r o x i d e  ( 1 m l ,  1M) 
was added and a l l o w e d  t o  s o l u b i l i s e  t h e  c e l l s  f o r  an h o u r  a t  3 7 'C .  
The s o l u b i l i s e d  c e l l s  w e re  t h e n  ass a y e d  f o r  DNA ( S e c t i o n  6 . 5 . 4 . 3 ) .
6 . 5 . 4 . 7  GGT A c t i v i t y  i n  C a c o -2  C e l l s  a t  V a r i o u s  G l v c v 1g l y c i ne
C o n c e n t r a t i o n s
A 9 6 - w e l l  p l a t e  seeded  w i t h  C aco -2  c e l l s  was m a i n t a i n e d  as 
p r e v i o u s l y  d e s c r i b e d  f o r  10 d a y s .  The w e l l s  w e re  e m p t i e d  and washed 
w i t h  PBS ( 2 0 0 p l ) ,  and a s o l u t i o n  o f  G-p-NA ( l O O p l ,  3.5mM) was added 
t o  v a r i o u s  c o n c e n t r a t i o n s  o f  g l y c y l g l y c i n e  ( 1 0 0 p l ,  0 -200m M ).  The 
a b s o rb a n c e  was m easu red  e v e r y  5 m in u t e s  f o r  an h o u r ,  and t h e
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i n i t i a l  r a t e  c a l c u l a t e d ,
6 . 5 . 4 . 8  GGT A c t i v i t y  i n  C a c o -2  C e l l s  w i t h  V a r i o u s  A c c e p t o r s  
C a co -2  c e l l s  we re  seeded i n  9 6 - w e l l  p l a t e s  and m a i n t a i n e d  as 
d e s c r i b e d  p r e v i o u s l y  f o r  10 d a y s .  The w e l l s  we re  e m p t i e d  and washed 
w i t h  PBS (200|v i l ) .  A s o l u t i o n  o f  G-p-NA ( l O O p l ,  3.5mM) was added t o  
a m i x t u r e  o f  PBS ( l O O p l )  and v a r i o u s  a c c e p t o r s  ( l O O p l ,  50mM). The 
a b s o r b a n c e  a t  410nm was m easured  a g a i n s t  a r e f e r e n c e  a t  490nm, 
e v e r y  10 m i n u t e s  f o r  2 h o u r s  and t h e  i n i t i a l  r a t e  w i t h  each  
a c c e p t o r  was c a l c u l a t e d .
6 . 5 . 4 . 9  GGT A c t i v i t y  i n  C a c o -2  C e l l s  i n  t h e  P r e s e n c e  o f  
V a r i o u s  I n h i b i t o r s
S e v e r a l  9 6 - w e l l  p l a t e s  we re  seeded  w i t h  Caco -2  c e l l s  and m a i n t a i n e d
as d e s c r i b e d  p r e v i o u s l y  f o r  10 d a y s .  The w e l l s  we re  e m p t i e d  and
washed w i t h  PBS ( 2 0 0 p l ) ,  b e f o r e  a v a r i e t y  o f  e x p e r i m e n t s
was c a r r i e d  o u t .  The i r r e v e r s i b l e  i n h i b i t o r s ,  a z a s e r i n e  and AT-125
( l O O p l ,  5mM) were  a p p l i e d  t o  t h e  w e l l s .  E v e ry  10 m i n u t e s  G-p-NA
( l O O p l ,  3.5mM) was a p p l i e d  t o  t h e  c o r r e s p o n d i n g  w e l l s  and t h e
a b s o r b a n c e  a t  410nm measured  a g a i n s t  a r e f e r e n c e  a t  490nm e v e r y  10
m i n u t e s .  These s t u d i e s  spanned  0 - 7 0  m in u t e s  o f  p r e i n c u b a t i o n  o f  t h e
i r r e v e r s i b l e  i n h i b i t o r s ,  and t h e  l a s t  a b s o rb a n c e  m eas u rem en t  was
made 2 h o u r s  a f t e r  t h e  G-p-NA was added t o  t h e  w e l l s .
The r e v e r s i b l e  i n h i b i t o r  c o m p le x ,  s e r i n e  i n  t h e  p r e s e n c e  o f  b o r a t e ,
was a l s o  s t u d i e d .  V a r i o u s  c o n c e n t r a t i o n s  o f  s e r i n e - b o r a t e  ( l O O p l ,
0-25mM) we re  a p p l i e d  t o  t h e  washed w e l l s ,  t o g e t h e r  w i t h  v a r i o u s
c o n c e n t r a t i o n s  o f  G-p -NA ( l O O p l ,  0 . 4 3 8 - 3 . 5mM) .  The i n i t i a l  r a t e  was
c a l c u l a t e d  f r o m  t h e  a b s o r b a n c e  m easu rem en ts  made e v e r y  5 m i n u t e s
f o r  2 h o u r s .
6 . 5 . 4 . 1 0  T r a n s p o r t  S t u d i e s  o f  R a d i o l a b e l l e d  Compounds T h ro u g h  
C a co -2  C e l l  M o n o la y e r s
A f t e r  30 days  o f  g r o w in g  on m i l l i c e l l  i n s e r t s  t h e  C a co -2  c e l l s  had
fo rm e d  a d i f f e r e n t i a t e d  c o n f l u e n t  m o n o la y e r ,  s u i t a b l e  f o r  t r a n s p o r t
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s t u d i e s . * I n c u b a t i o n  m ed ia  w e re  made up w i t h  DMEM o f  t h e  
f o l l o w i n g ,  g l y c i n e  (100  and lOmM), g l y c y 1g l y c i ne (50mM),  
s e r i n e - b o r a t e  (50mM), a z a s e r i n e  (5mM), a c i v i c i n ( 5 0 m M ) , r o t e n o n e  
( Im M ) ,  [ 2 - 3 H ] g l y c i n e  (O-IOmM, 1 .5 m C i /m M ) ,  [ 2 - 3 H ] g l y c y l g l y c i ne
(0-10mM, 1 .8m C i /m M ) ,  [ 2 - 3 H ] N - a c e t y 1g l y c i ne ( lOmM, 2 .1mCi/mM) and
[ 4 , 5 - 3 H ] l e u c i ne (lOmM, 1 .3 m C i /m M ) .  S m a l l  a d d i t i o n s  o f  0 .1N  HCl o r  
NaOH we re  used t o  a d j u s t  t h e  pH t o  7 . 4 ,  and t h e  s o l u t i o n s  we re
s t e r i l i s e d  f i l t e r e d  j u s t  p r i o r  t o  u s e .
[ 2 - 3 H ] G 1 y c i ne and [ 2 - 3 H ] g l y c y 1g l y c i ne a t  v a r i o u s  c o n c e n t r a t i o n s  
we re  used t o  e s t i m a t e  t h e  Km and Vmax v a l u e s  o f  t h e
t r a n s l o c a t i o n  o f  t h e s e  compounds t h r o u g h  t h e  C a co -2  c e l l  
m o n o l a y e r s .
A l l  o f  t h e  above  r a d i o l a b e l l e d  compounds we re  u t i l i s e d  t o  
i n v e s t i g a t e  t h e i r  t r a n s l o c a t i o n  a c r o s s  t h e  C a c o -2  c e l l  m o n o l a y e r ,
f r o m  a p i c a l  t o  b a s o l a t e r a l  r e g i o n s  and v i c e  v e r s a  w i t h  and w i t h o u t
known GGT i n h i b i t o r s ;  s e r i n e - b o r a t e  c o m p le x ,  a z a s e r i n e  and a c i v i c i n  
( A T - 1 2 5 ) .  R o ten one  a known i n h i b i t o r  o f  ATP f o r m a t i o n ,  was used t o  
s t u d y  t h e  e n e r g y  dependency  o f  t h e  w h o le  p r o c e s s .  C u l t u r e  m ed ia  was 
added t o  t h e  w e l l s  t o  g i v e  i d e n t i c a l  t o t a l  v o l u m e s ;  3ml above and 
2ml b e lo w  t h e  membrane. The p l a t e s  w e re  i n c u b a t e d  as  b e f o r e  i n  a
hum id  5% CO2 a tm o s p h e re  a t  a t e m p e r a t u r e  o f  37°C ,  u n l e s s  s t a t e d .
The amoun t  o f  compound t r a n s l o c a t e d  was d e t e r m i n e d  by t a k i n g
s u b s a m p le s  ( l O O p l )  a t  v a r i o u s  t i m e  p e r i o d s  f r o m  b o t h  t h e  a p i c a l  and 
b a s o l a t e r a l  s i d e s .  These w e re  added t o  4m1 o f  U n i s o l v e  E l i q u i d  
s c i n t i l l a n t  and a s saye d  f o r  3 H a c t i v i t y .
A f t e r  36 h o u r s ,  when t h e  l a s t  s u b s a m p le  had been t a k e n  and t h e
medium was removed f o r  t h e  i d e n t i f i c a t i o n  o f  t h e  r a d i o l a b e l l e d  
p r o d u c t s  ( s e c t i o n  6 . 5 . 4 . 1 1 ) .  The C a c o -2  c e l l  m o n o la y e r  was c h e c k e d  
f o r  i n t e g r i t y  by m e a s u r i n g  t h e  t r a n s e p i t h e l i a l  e l e c t r i c a l  
r e s i s t a n c e  (TEER) see S e c t i o n  6 . 5 . 4 , 1 2 .
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To a s c e r t a i n  t h e  a c t i v i t y  r e m a i n i n g  i n  t h e  c e l l  m o n o la y e r  a f t e r  
t h e  TEER has been m easu red  t h e  MEM was removed f r o m  t h e  w e l l s  and 
0 .5 m l  o f  0 .1 N  NaOH was added t o  t h e  a p i c a l  s i d e  o f  t h e  i n s e r t  i n  
o r d e r  t o  s o l u b i l i s e  t h e  c e l l s .  A f t e r  an h o u r  a t  2 5 ' C ,  lOOpl 
s u b s a m p le s  w e re  t a k e n  and c o u n t e d  i n  4ml o f  U n i s o l v e  E f o r  3 H 
a c t i v i t y .
6 . 5 . 4 . 1 1  I d e n t i f i c a t i o n  o f  R a d i o l a b e l l e d  P r o d u c t s  a f t e r  T r a n s p o r t  
The m e d ia  w h ic h  had been removed p r i o r  t o  m e a s u r i n g  t h e  TEER were  
p o o le d  w i t h  t h a t  f r o m  r e p l i c a t e  e x p e r i m e n t s  and l y o p h i l i s e d .  The 
r e s u l t i n g  r e s i d u e  was d i s s o l v e d  i n  d o u b le  d i s t i l l e d  d e i o n i s e d  w a t e r  
( 1 m l ) .  An a l i q u o t  o f  t h i s  s o l u t i o n  was p u r i f i e d  on a c e l l u l o s e  TLC 
p l a t e  ( 200  x 200 x 0 .25m m ) ,  w h i c h  was d e v e lo p e d  i n  a s o l v e n t  s y s te m  
o f  b u t a n - 1 - o l ,  w a t e r ,  g l a c i a l  a c e t i c  a c i d ;  4 : 1 : 1 ,  The p l a t e  was 
v i s u a l i s e d  f o r  3 1_| u s i n g  an a u t o m a t i c  TLC-1 i n e a r  a n a l y z e r .  A 
n a r r o w  v e r t i c a l  s t r i p  o f  t h e  p l a t e  was t h e n  s p r a y e d  w i t h  a s o l u t i o n  
o f  n i n h y d r i n  i n  b u t a n - 1 - o l ,  i n  o r d e r  t o  v i s u a l i s e  t h e  am ino  a c i d s  
and p e p t i d e s  i n  t h e  m e d ia  m i x t u r e .  The r e s u l t i n g  band on t h e  
u n s p r a y e d  p a r t  o f  t h e  p l a t e ,  i n  t h e  c a s e  o f  g l y c y 1g l y c i n e , was used 
t o  i s o l a t e  t h e  r a d i o a c t i v e  compound. The i H and 3 ^ n . m . r .  
s p e c t r a  o b t a i n e d  f r o m  a s o l u t i o n  i n  D2 O c o n f i r m e d  t h a t  t h e  
r a d i o l a b e l l e d  compound g l y c y l g l y c i n e  had n o t  been h y d r o l y s e d  t o  
g l y c i n e .  S t a n d a r d s  o f  t h e  r a d i o l a b e l l e d  compounds,
N - a c e t y 1- g l y c i n e , g l y c i n e  and l e u c i n e  were  used  f o r  c o m p a r i s o n  i n  
t h e  TLC and n . m . r .  t e c h n i q u e s  ( C h a p t e r  2 ) .
6 . 5 . 4 . 1 2  M o n o la y e r  I n t e g r i t y
To e n s u r e  t h a t  t h e  C a c o -2  c e l l  m o n o la y e r  was an i n t a c t  m o n o la y e r  
w i t h  no h o l e s  and w i t h  t i g h t  T - j u n c t i o n s  b e tw e e n  t h e  c e l l s ,  t h e  
t r a n s e p i t h e l i a l  e l e c t r i c a l  r e s i s t a n c e  (TEER) was
m e a s u r e d . 1 a » 6 3 , 2 1 9
The m e d ia  we re  removed and k e p t  f o r  l a t e r  i f  r e q u i r e d ,  and t h e
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C a c o -2  m o n o l a y e r  was washed w i t h  PBS, and MEM c o n t a i n i n g  0.1% BSA 
was added t o  b o t h  t h e  a p i c a l  ( 3 m l )  and b a s o l a t e r a l  ( 2 m l )  r e g i o n s .  
A f t e r  e q u i l i b r i u m  had been re a c h e d  a t  25 "C ,  (15  m i n u t e s ) ,  a lOOpA 
c u r r e n t  was a p p l i e d  a c r o s s  t h e  m o n o la y e r  u s i n g  s a l t  b r i d g e s  (PVC 
t u b i n g ,  c o n t a i n i n g  3 . DM KCl and 2% a g a r )  c o n n e c t e d  t o  a p i c a l  and 
b a s o l a t e r a l  r e g i o n s  ( s e e  F i g u r e  6 . 2 1 ) .  The s a l t  b r i d g e s  were  
c o n n e c t e d  t o  tw o  s i l v e r  c h l o r i d e  e l e c t r o d e s ,  used t o  a p p l y  t h e  
c u r r e n t ,  A secon d  p a i r  o f  e l e c t r o d e s  ( c a l o m e l ) ,  were  used t o  
m easu re  t h e  p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e  t i g h t  j u n c t i o n  
m o n o l a y e r ,  f r o m  w h ic h  t h e  e l e c t r i c a l  r e s i s t a n c e  was c a l c u l a t e d .  
F i g u r e  6 . 2 1 :  S c h e m a t i c  o f  t h e  A p p a r a t u s  used t o  D e te r m in e  t h e  TEER
MICROVOLT
METER
POWER U N IT
VOLTAGE SET TO 5V 
CURRENT lOOuA
ALL SALT BRIDGES OF EQUAL LENGTH 
(2% AGAR 4- 3M KCl)
CALOMEL
ELECTRODES
a
A P IC A L
SILVER
CHLORIDE
ELECTRODES
CACO-2 CELL MONOLAYER BA S O LA TE R A L ^S A T . KCl
D e p e n d in g  upon t h e  e l e c t r i c a l  r e s i s t a n c e ,  r e s u l t s  f r o m  t h e
t r a n s p o r t  e x p e r i m e n t s  we re  e i t h e r  used o r  d i s c a r d e d  i f  t h e
m o n o la y e r  was n o t  i n t a c t .  I n t e g r i t y  was a l s o  a lw a y s  c h e c k e d  by
a d d in g  a c o u p l e  o f  d r o p s  o f  b rom opheno l  b l u e  t o  t h e  a p i c a l  s i d e  o f
t h e  c e l l ,  and l e a v i n g  f o r  h a l f - a n - h o u r .  I f  b l u e  dye was v i s i b l e  on
t h e  b a s o l a t e r a l  r e g i o n  o f  t h e  i n s e r t ,  t h i s  c o n f i r m e d  t h a t  t h e  c e l l
m o n o la y e r  was n o t  i n t a c t .
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6 . 5 . 4 . 1 3  T r a n s p o r t  S t u d i e s  o f  V a r i o u s  U n l a b e l l e d  Amino A c i d s  
Th ro u g h  C a c o -2  C e l l  M o n o la y e r s
V a r i o u s  am ino  a c i d s  ( l O O p l ,  4 0 p m o le s )  were  added t o  t h e  a p i c a l  s i d e
o f  t h e  c e l l  m o n o l a y e r ,  w h i c h  we re  grown on i n s e r t s  f o r  30 days  as
d e s c r i b e d  p r e v i o u s l y .  S u bsam p les  ( l O O p l )  we re  t a k e n  e v e r y  2 h o u r s
f o r  12 h o u r s ,  and t h e n  one a f t e r  24 h o u r s .  The m e d ia  w e re  removed
and t h e  c e l l  m o n o l a y e r s  c h e c k e d  f o r  i n t e g r i t y .  The s u b s a m p le s  w e re
f r o z e n  a t  - 2 0 ° C  u n t i l  am ino  a c i d  a n a l y s i s  was c a r r i e d  o u t ,  u s i n g
h . p . l . c .  o f  t h e  p h e n y l i s o t h i o c y a n a t e  (P IT C )  d e r i v a t i s e d  a m in o  a c i d s
( S e c t i o n  6 . 5 . 4 . 1 4 ) .
6 . 5 . 4 . 1 4  Q u a n t i t a t i v e  A n a l y s i s  o f  Amino A c i d s  by h . p . l . c .  o f  
P h e n y l i s o t h i o c y a n a t e  D e r i v a t i s e d  Am ino  A c i d s ' 23
An am ino  a c i d  s t a n d a r d  ( 2 0 p l ,  0-50nM o f  each  am ino  a c i d ) ,  o r  2 0 p l
o f  t h e  s u b s a m p le  was p l a c e d  i n  a s m a l l  t e s t  t u b e  (3cm X 0 .7 5 c m )  and
d r i e d  u n d e r  vacuum. D r y i n g  a g e n t  ( 2 0 p l )  ( s e e  l a t e r  f o r  a g e n t s )  was
added and vacuum d r i e d ,  t h e  d e r i v a t i s i n g  a g e n t  ( 2 0 p l )  was t h e n
added t o  t h e  s am p le  and v o r t e x e d  t o  e n s u r e  c o m p l e t e  h o m o g e n e i t y .
A f t e r  20 m i n u t e s  a t  room t e m p e r a t u r e  t h e  s a m p le  was d r i e d  u n d e r
vacuum, t h e n  f u l l y  d r i e d  by t h e  a d d i t i o n  and e v a p o r a t i o n  u n d e r
vacuum o f  m e th a n o l  ( 5 0 p l ) .  The d r i e d  sa m p le  was r e d i s s o l v e d  i n
lOOpl o f  t h e  sam p le  d i l u e n t ,  r e a d y  f o r  a n a l y s i s  by h . p . l . c . .
The d r y i n g  a g e n t  c o n s i s t e d  o f  m e t h a n o l ,  s o d iu m  a c e t a t e ( I M ) ,  and
t r i e t h y l  ami ne i n  t h e  r a t i o  o f  2 : 2 : 1  ( v / v )  r e s p e c t i v e l y .
The d e r i v a t i s i n g  a g e n t  c o n s i s t e d  o f  5 0 p l  o f  p h e n y l i s o t h i o c y a n a t e
( P IT C )  m ix e d  w i t h  4 5 0 p l  o f  a 7 : 1 : 1  m i x t u r e  o f  m e t h a n o l ,  w a t e r  and
t r i e t h y l  ami ne r e s p e c t i v e l y .
A s o l u t i o n  o f  s o d iu m  a c e t a t e  (5mM) n e u t r a l i s e d  t o  pH 7 . 4  w i t h  
o r t h o p h o s p h o r i c  a c i d  (10% ) ,  f o rm e d  t h e  b a s i s  o f  t h e  s a m p le  d i l u e n t ,  
(95% o f  t h i s  m i x t u r e  t o g e t h e r  w i t h  5% a c e t o n i t r i l e ) .
Samp les  ( l O p l )  w e re  a p p l i e d  v i a  a sam p le  l o o p  t o  a r e v e r s e  phase  
co lu m n  w i t h  t h e  f o l l o w i n g  s o l v e n t  g r a d i e n t  ( T a b l e  6 . 4 )  and t h e
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d e r i v a t i s e d  am ino  a c i d s  w e re  d e t e c t e d  by m o n i t o r i n g  t h e  a b s o r b a n c e  
a t  254nm. An i n t e r n a l  s t a n d a r d  o f  p h e n y l g l y c i ne ( lO O n m o le s )  was 
used  t o  s t a n d a r d i s e  a l l  s a m p le s  and s t a n d a r d  c u r v e s  f o r  each  am ino  
a c i d  w e re  c o n s t r u c t e d .
T a b l e  6 . 4 :  S o l v e n t  G r a d i e n t  f o r  PITC D e r i v a t i s e d  Amino A c i d s
TIME %A %B F lo w  R a te
( M i n )  (ml m i n - 1 )
0 100 0
10 54 46
1 0 .5 0 100
12 0 100
12 .5 100 0
25 100 0
E l u e n t
Sod ium
A
A c e t a t e  0. 14M
T r i e t h y l a m i n e  0 .5 m l
T i t r a t e d  t o  pH 6 . 4  w i t h  G l a c i a l  A c e t i c  A c i d .  
940ml s o l u t i o n  + 60ml a c e t o n i t r i l e .
E l e u e n t  B 
A c e t o n i  t r i l e :  6 
W a t e r :  4
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7 . 1 I M “r R O O U O ~ r  X O M
T h i s  s t u d y  has shown t h e  p r e s e n c e  o f  t h e  enzyme GGT i n  C a c o -2  
c e l l  m o n o l a y e r s  ( C h a p t e r  6 ) .  F o l l o w i n g  up t h i s  d i s c o v e r y  o f  a n o v e l  
s o u r c e  o f  GGT, t h i s  c h a p t e r  d e s c r i b e s  i t s  i s o l a t i o n ,  p a r t i a l  
c h a r a c t e r i s a t i o n  and c o m p a r i s o n  w i t h  GGT f r o m  o t h e r  w e l l  known 
s o u r c e s .
S i n c e  GGT i s  a membrane bound e n z y m e , i i s , i i 7  t h e  enzyme m u s t  
f i r s t  be b r o u g h t  i n t o  a s o l u b l e  f o r m  b e f o r e  p u r i f i c a t i o n  i s  
a t t e m p t e d .  M e thods  o f  s o l u b i l i s a t i o n  t h a t  have  p r e v i o u s l y  been used  
i n c l u d e ,  t r e a t m e n t  o f  t h e  p a r t i c u l a t e  enzyme w i t h  d e t e r g e n t s , 2 2 s 
o r g a n i c  s o l v e n t s ^  and p r o t e i n a s e s .  ^s I n  t h i s  w o rk  tw o  
d i f f e r e n t  w e l l  known m e th o d s ,  p a p a in  ( p r o t e i n a s e )  and T r i t o n  
( o r g a n i c  s o l v e n t )  s o l u b i l i s a t i o n s  o f  t h e  b r u s h  b o r d e r  membranes 
we re  used on c o n f l u e n t  C a c o -2  c e l l  m o n o l a y e r s .
The s t r u c t u r e  and m o l e c u l a r  w e i g h t  o f  GGT and i t s  s u b u n i t s  f r o m  
b o t h  t h e  b o v i n e  k i d n e y  ( S ig m a ,  see S e c t i o n  3 . 5 )  and f r o m  t h e  n o v e l  
s o u r c e  o f  t h e  C aco -2  c e l l  l i n e ,  we re  i n v e s t i g a t e d  and com pared  w i t h  
p a r a l l e l  w o rk  on GGT f r o m  o t h e r  s o u r c e s .
I t  has p r e v i o u s l y  been shown t h a t  GGT i s  a h e t e r o d i m e r i c , 
g l y c o s y l a t e d  p r o t e i n . i i 4  Two d i f f e r e n t  d e g l y c o s y 1a t i o n  m e th o d s  
( i n v o l v i n g  t r i f l u o r o m e t h a n e s u l p h o n i c  a c i d  ( T F M S ) 2 2 4  and 
c y a n o b o r o h y d r i d e 2 2 6 - 2 2 9 )  w e re  used on t h e  b o v i n e  k i d n e y  GGT, t o  
i n v e s t i g a t e  t h e  e x t e n t  o f  t h e  g l y c o s y 1a t i o n  on each s u b u n i t  ( l i g h t  
and h e a v y ) .
The s e p a r a t i o n  o f  t h e  tw o  s u b u n i t s  by o t h e r  w o r k e r s ^ 2 e , 1 2 9 , 2 3 0  
u s i n g  d é n a t u r a n t s  and d i s s o c i a t i n g  a g e n t s  has r e s u l t e d  i n  a t o t a l  
l o s s  o f  enzyme a c t i v i t y . *  I n  t h i s  s t u d y  t h e  w o rk  by Kabanov 
e t  a l . 2 3 o  and N a m e tk in  e t  a l .® 3  i s  e x t e n d e d  f u r t h e r  by u s i n g  a 
m i l d  s u r f a c t a n t ,  a e r o s o l  OT t o  s e p a r a t e  t h e  s u b u n i t s  w h i l e  s t i l l  
m a i n t a i n i n g  some a c t i v i t y .  T h u s ,  some i n f o r m a t i o n  a b o u t  t h e
227
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l o c a t i o n  o f  t h e  a c t i v e  s i t e  w i t h  r e s p e c t  t o  t h e  s u b u n i t s  w i l l  be 
o b t a i  ned .
7 . 2  R E 3 U L - ~ T 3
7 . 2 . 1  I s o l a t i o n  and P u r i f i c a t i o n  o f  GGT f r o m  C a c o -2  C e l l s
As GGT enzyme a c t i v i t y  has  been d e t e c t e d  i n  C a c o -2  c e l l  
m o n o l a y e r s  as d e s c r i b e d  i n  C h a p t e r  6 ,  t h e  GGT was i s o l a t e d  f r o m  
c o n f l u e n t  C aco -2  c e l l s  m o n o l a y e r s ,  w h i c h  had been g rown i n  f l a s k s  
f o r  15 d a y s .  Two d i f f e r e n t  m e th o d s  w e re  e m p lo y e d  t o  i s o l a t e  t h e  GGT 
enzyme f r o m  t h e  c e l l  membrane.  These  i n v o l v e d  a p r o t e i n a s e  p a p a in  
t e c h n i q u e ,  w h i c h  c l e a v e s  a p e p t i d e  l i n k a g e  on t h e  heavy  
s u b u n i t  r e l e a s i n g  p a r t  o f  t h e  enzyme f r o m  t h e  membrane bound p a r t  
o f  t h e  e n z y m e .223 The s e c o n d  m ethod  uses  t h e  s u r f a c t a n t  T r i t o n  
X - 1 0 0 ,  w h i c h  d i s r u p t s  t h e  c e l l  membranes and r e l e a s e s  membrane 
bound p r o t e i n s  i n t a c t . i i s  yhe  s a m p le s  o f  b o t h  p a p a in  and T r i t o n  
e x t r a c t e d  GGT w e re  p u r i f i e d  u s i n g  c h r o m a t o g r a p h i c  t e c h n i q u e s ,  
i n c l u d i n g  a Sephadex G-100  and a D E A E - c e l1u l ose  c o lu m n .  F i g u r e s  
7 . 1 - 7 . 4  show t h e  enzyme a c t i v i t y  and p r o t e i n  c o n t e n t  o f  each  
f r a c t i o n  f r o m  t h e  tw o  c h r o m a t o g r a p h i c  m e th o d s  f o r  b o t h  o f  t h e  
p a p a in  and T r i t o n  e x t r a c t i o n  p r o c e d u r e s .
-2 2 8 -
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F i g u r e  7 . 1 :  T r i t o n ~ S o l u b i 1i s e d  GGT P u r i f i e d  by Sephadex G-100
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F i g u r e  7 . 3 :  P a p a l n - S o l u b i 1 i s e d  GGT P u r i f i e d  by Sephadex G-100
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F i g u r e  7 . 4 :  P a p a i n - S o l u b i 1 i s e d  GGT P u r i f i e d  by D E A E - c e l1u l o s e
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ISOLATION & STRUCTURE
T a b le s  7 .1  & 7 . 2  s u m m a r is e s  t h e  p u r i f i c a t i o n  p r o c e d u r e s  t h a t
w e re  c a r r i e d  o u t  on t h e  p a p a in  and T r i t o n  e x t r a c t i o n s  f r o m  Caco -2  
c e l l  m o n o l a y e r s .  B o th  p u r i f i c a t i o n  pa th w a y s  r e s u l t e d  i n  GGT w i t h  a 
s p e c i f i c  a c t i v i t y  o f  a b o u t  3 u n i t s  mg~ i , a t  l e a s t  a 1 5 - f o l d  
i n c r e a s e  i n  p u r i t y ,  w h i l e  m a i n t a i n i n g  t h e  y i e l d  above  35%.
T a b l e  7 . 1 ;  P u r i f i c a t i o n  o f  P a p a i n - s o l u b i l i s e d  C a c o -2  GGT.
S t e p  T o t a l  P r o t e i n  
(mg)
T o t a l  A c t .  
( U n i t )
S p e c i f i c  A c t .  
( U n i t s  m g - 1 )
Y i e l d
(%)
P a p a in  T r e a t m e n t 189 9 . 2 0 . 0 5 100
Amm. S u l p h a t e 21 .3 7 .7 0 . 3 6 84
Sephadex G-100 2 . 7 6 . 4 2 . 3 7 70
D E A E - c e l1u l  ose 1 .6 4 . 8 3 . 0 0 52
T a b le  7 . 2 :  P u r i f i c a t i o n  o f  T r i t o n - S o l u b i l i s e d  C a c o -2  GGT.
S te p  T o t a l  P r o t e i n  
(mg)
T o t a l  A c t .  
( U n i t )
S p e c i f i c  A c t .  
( U n i t s  mg- 1 )
Y i e l d
(%)
T r i t o n  T r e a t m e n t 56 10 .5 0 . 1 9 100
A c e to n e  P r e c i p . 21 6 . 6 0 .31 63
Sephadex  G-100 1 .9 4 .  1 2 . 1 6 39
D E A E - c e l1u l ose 1 .2 3 . 9 3 . 2 5 37
7 . 2 . 2  C h a r a c t e r i s a t i o n  o f  GGT and i t s  S u b u n i t s
M o l e c u l a r  w e i g h t  d e t e r m i n a t i o n s  o f  t h e  v a r i o u s  b o v i n e  k i d n e y  and 
C a c o -2  c e l l  GGT p r e p a r a t i o n s  we re  c a r r i e d  o u t  u s i n g  s o d iu m  d o d e c y l  
s u l p h a t e  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r s i s  (SDS-PAGE). T a b l e  7 . 3 ,  
shows t h e  mean R f  v a l u e s  o f  a s e r i e s  o f  m o l e c u l a r  w e i g h t  m a r k e r s  
used t o  c a l i b r a t e  t h e  10% g e l .  These v a l u e s  a r e  means o f  d u p l i c a t e  
d e t e r m i n a t i o n s  on 5 r e p l i c a t e  g e l s  ( e r r o r  ±3%).  F i g u r e  7 . 5  shows 
t h e  l i n e a r i t y  o f  t h e  m o l e c u l a r  w e i g h t  s t a n d a r d s  on t h e  10% SDS-PAGE 
g e l ;  t h i s  was used t o  d e t e r m i n e  t h e  m o l e c u l a r  w e i g h t s  o f  v a r i o u s  
GGT p r e p a r a t i o n s .
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T a b le  7 . 3 :  M o l e c u l a r  W e ig h t  M a r k e r s  and t h e i r  R f  v a l u e s  f o r  a 10% 
SDS-PAGE.
Compound M o l e c u l a r  Wt (KDa) R f
A lb u m in  B o v in e 66 0 . 2 8 3
A l b u m in  Egg 45 0 . 4 4 0
G l y c e r a l d e h y d e 36 0 .5 1 7
C a r b o n i c  A n h y d ra s e 29 0 .5 9 0
T r y p s i n i n g e n 24 0 . 6 8 0
T r y p s i n  I n h i b i t o r 20 .  1 0 . 7 7 0
a - L a c t a l b u m i n 1 4 .2 0 . 9 0 7
F i g u r e  7 . 6 :  M o l e c u l a r W e ig h t  C a l i b r a t i o n  o f 10% SDS-PAGE
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F i g u r e  7 . 6 :  10% SDS-PAGE
1 2 3 4  1 5 6 7
F i g u r e  7 . 7 :  7.5% SDS-PAGE
2 3 1 5  6
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Key t o  F i g u r e s  7 . 6  and 7 . 7 :
1) M o l e c u l a r  w e i g h t  s t a n d a r d s
2)  B o v in e  GGT
3)  B o v in e  GGT -  d e g l y c o s y l a t e d  (NaCNBHa)
4 )  B o v in e  GGT -  d e g l y c o s y l a t e d  (TFMS)
5)  C a co -2  GGT P a p a in  T r e a t m e n t
6)  C aco -2  GGT T r i t o n  T r e a t m e n t
7) C a co -2  GGT -  d e g 1y c o y 1a t e d  (TFMS)
F i g u r e s  7 .6  & 7 . 7  show r e p r e s e n t a t i v e  SDS-PAGE o f  10% and 7.5% 
g e l s  r e s p e c t i v e l y ;  t h e y  show t h e  tw o  d e n a t u r e d  s u b u n i t s  and some 
d e t a i l  o f  each  s u b u n i t ,  i e :  t h e  d e g re e  o f  g l y c o s y 1a t i o n  w i t h  b o t h  
s u b u n i t s  h a v i n g  s e v e r a l  i s o z y m e s ,  a c t u a l  number  o f  i s o z y m e s  a r e  
g i v e n  i n  T a b le  7 . 4 .
T a b le  7 . 4 :  M o l e c u l a r  W e ig h t s  o f  GGT.
Enzyme P r e p a r a t i o n  M o l . W t .  o f  S u b u n i t  (KDa)
Heavy L i g h t
B o v in e Ki dney 7 6 -7 0 ( 5 ) 2 1 - 1 9 . 5 ( 4 )
B o v in e K i d n e y - d e g l y c o s y l a t e d (NaCNBHs) 40 (1 ) 1 9 ( 1 )
B o v i  ne K i d n e y - d e g l y c o s y l a t e d (TFMS) 40 ( 1 ) 1 9 .5 ( 1 )
Caco -2 P a p a in 5 3 - 5 0 ( 3 ) 2 1 - 1 9 . 5 ( 6 )
C aco -2 T r i  t o n 6 0 - 5 4 ( 5 ) 2 1 - 1 9 . 5 ( 6 )
C aco -2 T r i  t o n - d e g l y c o s y l a t e d (TFMS) 40 (1 ) 19 ( 1 )
Numbers i n  p a r e n t h e s e s  a r e  number  o f  i s o z y m e s  o b s e r v e d  ( F i g u r e s  7 .6  
& 7 . 7 ) .
T a b le  7 . 4  shows t h e  e s t i m a t e d  m o l e c u l a r  w e i g h t s  o f  s e v e r a l  GGT 
p r e p a r a t i o n s .  I n  a l l  o f  t h e  s a m p le s ,  tw o  s u b u n i t s  o f  d i f f e r e n t  
m o l e c u l a r  w e i g h t  a r e  o b s e r v e d .  The g l y c o s y l a t e d  l i g h t  s u b u n i t s  have 
m o l e c u l a r  w e i g h t s  i n  t h e  ra n g e  o f  19 .5  t o  21 KDa c o r r e s p o n d i n g  t o  
s e v e r a l  i s o z y m e s ,  i n d e p e n d e n t  o f  t h e  s o u r c e .  D e g l y c o s y l a t i o n  by 
e i t h e r  m e thod ,  r e s u l t e d  i n  t h e  s u b u n i t  h a v i n g  a mass o f  a b o u t  19 
KDa, b u t  has  no i s o z y m e s .  I n  c o n t r a s t  t h e  heavy  s u b u n i t ,  has  a 
v a r i a b l e  m o l e c u l a r  w e i g h t  d e p e n d e n t  upon t h e  s o u r c e ,  i e :  b o v i n e
k i d n e y ,  7 6 -7 0  KDa and C a c o -2  c e l l s ,  6 0 -5 4  KDa. The w id e  mass span 
o f  t h e  heavy  s u b u n i t  shows t h e  h e t e r o g e n e i t y  o f  t h e  enzyme due t o  
t h e  v a r i o u s  i s o z y m e s .  H o w eve r ,  d e g l y c o s y l a t i o n  r e s u l t e d  i n  t h e  
heavy  s u b u n i t s  f r o m  b o t h  s o u r c e s  h a v i n g  a common mass o f  a b o u t  40
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KDa, w i t h  no i s o z y m e s .  D i r e c t l y  a f t e r  d e g l y c o s y l a t i o n  ( b o t h  
m e th o d s )  o f  GGT, p r i o r  t o  d é n a t u r a t i o n  t o  d e t e r m i n e  m o l e c u l a r  
w e i g h t ,  t h e  enzyme was a s s a y e d  f o r  a c t i v i t y .  The a s s a y  showed a 
t o t a l  l o s s  o f  enzyme a c t i v i t y ,  i e :  <0.01% o f  t h e  n a t i v e  a c t i v i t y  
( T a b l e  7 . 5 ) .  The m o l e c u l a r  mass d i f f e r e n c e  be tw e en  t h e  p a p a in  and 
T r i t o n  e x t r a c t e d  GGT i e :  a b o u t  6KDa, i s  due t o  t h e  c l e a v a g e  o f  t h e  
p e p t i d e  c h a i n  w h ic h  a n c h o r s  t h e  enzyme t o  t h e  m e m b r a n e . 1 1 6 , 1 1 7
T a b le  7 . 5 :  Assayed  Enzyme A c t i v i t y  i n  V a r i o u s  GGT P r e p a r a t i o n s .
Enzyme P r e p a r a t i o n  A c t i v i t y  R a t i o *
None G l y g l y
N a t i v e  Enzyme 100 500
Heavy S u b u n i t  <0 .0 1  <0.01
L i g h t  S u b u n i t  1 . 0 ,  1.1  1 . 0 ,  1.1
Combined S u b u n i t s  1 . 0  1 .0
D e g l y c o s .  Enzyme <0 .01
B a c k g ro u n d  H y d r o l y s i s  <0 .01
* A c t i v i t y  r a t i o  i s  t h e  r a t e  o f  f o r m a t i o n  o f  p-NA f r o m  G-p-NA 
(3 .5mM) i n  t h e  abse nce  o f  a c c e p t o r  and i s  g i v e n  an a r b i t r a r y  v a l u e  
o f  100, w i t h  a s p e c i f i c  r a t e  o f  1 2 .7  ( ± 0 . 3 5 ) p m o les  m i n " i  m g - i .
T a b le  7 . 5  shows t h e  a c t i v i t y  o f  t h e  i s o l a t e d  s u b u n i t s  u s i n g  
A e r o s o l  O T ; t h e  h ea vy  s u b u n i t  showed no a c t i v i t y  above  t h a t  o f  t h e  
b a c k g ro u n d  h y d r o l y s i s ,  w h i l e  t h e  l i g h t  s u b u n i t  showed 1% o f  t h e  
o r i g i n a l  a c t i v i t y  (75  u n i t s )  o f  t h e  n a t i v e  enzyme.  SDS-PAGE was 
c a r r i e d  o u t  on t h e  i s o l a t e d  he a v y  and l i g h t  s u b u n i t s .  I s o z y m e s  
be tween  7 6 -7 0  KDa w e re  o b s e r v e d  f o r  t h e  heavy  s u b u n i t ,  w h i l e  t h e  
l i g h t  s u b u n i t  showed i s o z y m e s  be tw e en  21 & 1 9 .5  KDa. These  a r e  i n  
a c c o r d a n c e  w i t h  t h e  f i n d i n g s  i n  T a b le  7 . 4 .  The l i g h t  s u b u n i t  was 
i s o l a t e d  on tw o  s e p a r a t e  o c c a s s i o n s ,  r e s u l t i n g  i n  s i m i l a r  a c t i v i t y ,  
c a .  1 .0  and 1.1% o f  t h e  n a t i v e  enzyme a c t i v i t y .  When t h e  h ea vy  and 
l i g h t  s u b u n i t s  we re  m ix e d  t o g e t h e r  t o  t r y  and r e c o n s t i t u t e  t h e  
enzyme,  t h e  a c t i v i t y  was n o t  enhanced  above  t h a t  o f  t h e  l i g h t  
s u b u n i t  a l o n e .  The a d d i t i o n  o f  g l y c y l g l y c i n e  (25mM) had no e f f e c t
— 235—
ISOLATION & STRUCTURE
on t h e  a s s a y e d  a c t i v i t y  o f  t h e  i s o l a t e d  and m ix e d  s u b u n i t s .  The 
n o n -e n h a n c e m e n t  o f  t h e  r a t e  o f  h y d r o l y s i s  o f  G-p-NA o b s e r v e d  w i t h  
t h e  i s o l a t e d  l i g h t  s u b u n i t  i n  t h e  p r e s e n c e  o f  g l y c y l g l y c i n e  l e d  t o  
f u r t h e r  i n v e s t i g a t i o n s  on t h e  a c t i v i t y  o f  t h e  i s o l a t e d  l i g h t  
s u b u n i t .  T a b l e  7 . 6  shows t h a t  t h e  a d d i t i o n  o f  s e v e r a l  d i f f e r e n t  
a c c e p t o r s  and m a l e i c  a c i d  (25mM) d i d  n o t  s t i m u l a t e  t h e  h y d r o l y s i s  
o f  G -p -NA (3 .5 m M ) ,  when i n c u b a t e d  w i t h  t h e  i s o l a t e d  l i g h t  s u b u n i t  
a t  pH 8 . 5 .  TLC a n a l y s i s  o f  t h e  r e a c t i o n  m i x t u r e  w i t h  g l y c y l g l y c i n e  
d i d  n o t  show t h e  p r e s e n c e  o f  t h e  a u t o t r a n s p e p t i d a t i o n  o r  
t r a n s p e p t i d a t i o n  p r o d u c t s ,  G -G -p -N A and G - g l y c y 1g l y c i n e .
T a b l e  7 . 6 :  A ssa yed  Enzyme A c t i v i t y  o f  t h e  L i g h t  S u b u n i t ,
Added Component  A c t i v i t y  R a t i o *
None 100
GLYGLY 99
NORVAL 96
VAL 97
ILEU 97
MALEIC ACID 96
* A c t i v i t y  R a t i o  same as T a b l e  7 . 5 ,  e x c e p t  s p e c i f i c  a c t i v i t y  o f  
i s o l a t e d  l i g h t  s u b u n i t  i s  134 ( ± 6 ) n m o l e  m i n - i  mg~ .
A pH p r o f i l e  o f  t h e  r e s i d u a l  a c t i v i t y  o f  t h e  i s o l a t e d  l i g h t  
s u b u n i t  i n  t h e  abse nce  o f  an a c c e p t o r  w i t h  G-p-NA (3 .5mM) i s  shown 
i n  F i g u r e  7 . 8 .  The maximum a c t i v i t y  spans  a b ro a d  pH ra n g e  8 . 5  t o  
9 . 0 ,  b u t  t h e  o v e r a l l  p r o f i l e  i s  v e r y  s i m i l a r  t o  t h e  pH p r o f i l e  o f  
t h e  h y d r o l y s i s  r e a c t i o n  o b s e r v e d  w i t h  t h e  n a t i v e  enzyme ( F i g u r e  
3 . 1 7 ) .
2 3 6 -
ISOLATION & STRUCTURE
F i g u r e  7 . 8 ;  pH P r o f i l e  o f  t h e  Enzyme A c t i v i t y  o f  t h e  L i g h t  S u b u n i t
a
0)-p03Pi
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7 , 3 . 1  I s o l a t i o n  and C h a r a c t e r i s a t i o n
GGT has p r e v i o u s l y  been shown t o  be an a m p h i p a t h i c  h e t e r o d i m e r i c  
p r o t e i n  t h a t  i s  p r i m a r i l y  a s s o c i a t e d  w i t h  t h e  b r u s h  b o r d e r  
m em b ran es .234 A r e l a t i v e l y  r a p i d  p r o c e d u r e  i n  w h ic h  p a p a in  i s  
used f o r  s o l u b i l i s a t i o n  o f  t h e  enzyme t o  g i v e  >50% y i e l d ,  has  been 
used t o  p u r i f y  GGT f r o m  r a t  r e n a l  m i c r o v i 1 1 i 2 33 and e p i d i d y m a l  
m i c r o v i l l i . 1 1 4  A l l  o f  t h e s e  enzyme p r e p a r a t i o n s  e x h i b i t e d  
p r o p e r t i e s  s i m i l a r  t o  t h o s e  o f  t h e  b r o m e l a i n - s o l u b i l i z e d  
enzym e . 1 1 6  The r a t  k i d n e y  enzyme has a l s o  been p u r i f i e d  f o l l o w i n g  
s o l u b i l i s a t i o n  w i t h  T r i t o n  X - 1 0 0 . ’ ^ 4  Bo th  o f  t h e s e  p r o c e d u r e s  
were  used  i n  t h i s  s t u d y  t o  i s o l a t e  GGT f r o m  t h e  n o v e l  s o u r c e ,  
Caco -2  c e l l  m o n o l a y e r s .
The GGT enzyme i s o l a t e d  f r o m  Caco-2  c e l l s  was shown t o  be 
composed o f  tw o  s u b u n i t s  ( T a b l e  7 . 4 ) ,  a heavy  and a l i g h t  s u b u n i t .
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The p a p a i n - s o l u b i 1 i s e d  he a v y  s u b u n i t  had a mass o f  a b o u t  6KDa l e s s  
t h a n  t h e  t r i t o n - s o l u b i l i s e d  h e a v y  s u b u n i t ,  w h i l e  t h e  l i g h t  s u b u n i t s  
o f  t h e  tw o  p r e p a r a t i o n s  w e re  i d e n t i c a l .  T h i s  f i n d i n g  i s  i n  a c c o r d  
w i t h  o t h e r  w o r k e r s  who showed t h a t  t h e  l i g h t  s u b u n i t s  o f  p a p a in  and 
T r i t o n - s o l u b i l i z e d  GGT e x h i b i t  i d e n t i c a l  m o l e c u l a r  w e i g h t s  and 
am ino  a c i d  c o m p o s i t i o n s . z z s  H o w eve r ,  t h e  he a v y  s u b u n i t  o f  t h e  
l a t t e r  i s  l a r g e r  t h a n  t h a t  o f  t h e  f o r m e r  by a b o u t  52 am ino  a c i d  
r e s i d u e s ,  c o r r e s p o n d i n g  t o  a mass d i f f e r e n c e  o f  a b o u t  6 KDa.
As t h e  enzyme GGT i s  l o c a l i s e d  on t h e  a p i c a l  s u r f a c e  o f  t h e  
b r u s h  b o r d e r  m e m b r a n e s , 2 2 3 ,  2 3 5 -j t  has been s u g g e s t e d  t h a t  t h e  
p a p a i n - s e n s i t i v e  p e p t i d e  l i n k a g e  i s  n e a r  t h e  am ino  t e r m i n a l  
s e qu ence  o f  t h e  l a r g e  s u b u n i t ,  w h i c h  s e r v e s  t o  a n c h o r  t h e  GGT i n  
t h e  b r u s h  b o r d e r  m e m b r a n e . 2 2 3  Sequence s t u d i e s  c o n f i r m e d  t h a t  a 
21 am ino  a c i d  p e p t i d e  m o i e t y  a t  t h e  N t e r m i n u s  o f  t h e  heavy  s u b u n i t  
i s  c l o s e l y  a s s o c i a t e d  w i t h  t h e  c e l l  m e m b r a n e . 2 23  e x a c t  mode
o f  a s s o c i a t i o n  o f  t h e  enzyme w i t h  t h e  m i c r o v i l l u s  membranes,  i e :  
i t s  c o n f o r m a t i o n  and t h e  e x t e n t  o f  p e n e t r a t i o n  o f  t h e  a n c h o r ,  a r e  
s t i l l  unknown.  How eve r ,  one can  h y p o t h e s i s e  t h a t  t h e  21 am ino  a c i d  
r e s i d u e s  l o c a t e d  a t  t h e  am ino  t e r m i n a l  h y d r o p h o b i c  r e g i o n  o f  t h e  
heavy  s u b u n i t ,  may span t h e  l i p i d  membrane and behave  as an 
i n t e r n a l  s i g n a l  p e p t i d e .
H i g h l y  p u r i f i e d  p r e p a r a t i o n s  o f  GGT have  been o b t a i n e d  f r o m  a 
number o f  mammal ian s p e c i e s  as w e l l  as some non -m am m a l ian  s o u r c e s .  
M os t  o f  t h e s e  enzymes a r e  h e t e r o d i m e r i c  g l y c o p r o t e i n s ,  and t h e  
a p p a r e n t  m o l e c u l a r  w e i g h t s  o f  t h e  tw o  s u b u n i t s  a r e  shown i n  T a b le  
7 . 7 .
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T a b le  7 . 7 :  C o m p a r i s o n  o f  M o l e c u l a r  W e ig h t s  o f  GGT and i t s
S u b u n i t s  f r o m  a V a r i e t y  o f  S o u rc e s
S o u rc e  M o l e c u l a r  W e ig h ts  (KDa)
C o m p le te  Enzyme Heavy L i  g h t R e f .
HepG2 130 s i n g l e c h a i  n 21 1
Human l i v e r 90 68 20 91
Human k i d n e y 90 68 20 91
P ig  k i d n e y 89 68 21 72
B o v in e  k i d n e y 95 69 26 93
R a t  k i d n e y 68 46 22 94
P o r c i n e  B r a i n 80 58 23 232
B o v in e  l i v e r 93 72 21 93
Dog k i d n e y 87 66 21 121
Hog k i d n e y 113 6 8 - 7 0 44 33
E . C o l i 62 39 20 85
Caco -2 76 6 0 - 5 4 2 1 - 1 9 . 5 *
B o v in e  K id n e y 93 7 6 -7 0 2 1 - 1 9 . 5 *
*  T h i s  Work
The d i f f e r e n c e s  b e tw e en  s p e c i e s  i n  t h e  m o l e c u l a r  w e i g h t s  o f  t h e  
r e s p e c t i v e  hea v y  and l i g h t  s u b u n i t s  has  been a t t r i b u t e d  s o l e l y  t o  
t h e  d i f f e r e n c e s  i n  c a r b o h y d r a t e  c o n t e n t .  As w i l l  be d i s c u s s e d  l a t e r  
( S e c t i o n  7 . 3 . 3 ) ,  t h e  a m in o  a c i d  s equ enc es  o f  GGT f r o m  d i f f e r e n t  
s o u r c e s  a r e  v e r y  s i m i l a r ,  t h u s  h a v i n g  r o u g h l y  t h e  same p r o t e i n  
m o l e c u l a r  mass ( h e a v y  s u b u n i t ,  40 KDa and l i g h t  s u b u n i t ,  19 KDa) .  
I n t e r e s t i n g l y ,  t h e  GGT i s o l a t e d  f r o m  E . C o l i ,  was c a r r i e d  o u t  as 
p a r t  o f  a s t u d y  by S u z u k i  e t  a l .   ^s t o  e x p r e s s  GGT i n  t h e  genes 
o f  E . C o l i ,  i n  o r d e r  t o  i n c r e a s e  t h e  f o r m a t i o n  o f  t h e  p r o t e i n  GGT. 
I t  i s  w e l l  known t h a t  e x p r e s s i o n  o f  t h i s  s o r t  r e s u l t s  i n  o n l y  t h e  
p r o t e i n  f o r m e d  i n  t h e  a b s e n c e  o f  any g l y c o s y l a t i o n . 2 3 8  T h i s  i s  
shown c l e a r l y  i n  t h i s  c a s e ,  w he re  t h e  m o l e c u l a r  w e i g h t s  o f  t h e  
s u b u n i t s  o f  E . C o l i  ( T a b l e  7 . 7 ) ,  c l o s e l y  r e s e m b le  t h o s e  o f  t h e  
p r o t e i n  o n l y  ( d e g l y c o s y l a t e d .  T a b le  7 . 8 ) ,  w h i l e  n o t  a f f e c t i n g  t h e  
a c t i v i t y  o f  t h e  enzyme.  I t  has a l s o  been shown f r o m  DNA s e q u e n c e  
s t u d i e s , 234 t h a t  t h e  p r o t e i n  GGT i s  p r o d u c e d  by a c e l l  as  a 
s i n g l e  p e p t i d e  c h a i n  p r e c u r s o r ,  w h ic h  i s  c l e a v e d  a t  a s p e c i f i c  
p o i n t ,  r e s u l t i n g  i n  a h e t e r o d i m e r i c  p r o t e i n .  I n  t h e  c a s e  o f  GGT
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f r o m  HepG2211,  t h i s  c l e a v a g e  s t a g e  o b v i o u s l y  has n o t  o c c u r r e d ,  
and as a r e s u l t  GGT i s  a s i n g l e  p e p t i d e  c h a i n .  H o w eve r ,  t h i s  does  
n o t  seem t o  im p a re  t h e  enzyme a c t i v i t y .
S t r u c t u r a l  a n a l y s i s  o f  t h e  s u g a r  c h a i n s  o f  p u r i f i e d  GGT 
f r o m  s e v e r a l  s o u r c e s ^ 2 3 , 23 a , 2 4 i c o n f i r m e d  t h a t  t h e  c a r b o h y d r a t e  
m o i e t i e s  o f  t h e  enzyme a r e  e x t r e m e l y  h e t e r o g e n o u s , i n c l u d i n g  
h i g h - m a n n o s e  t y p e  and b i - ,  t r i -  and t e t r a a n t e n n a r y  c o m p le x  t y p e  
s u g a r  c h a i n s . 123  A c o m p a r a t i v e  s t u d y  by g e l - p e r m e a t i o n  
c h r o m a t o g r a p h i c  a n a l y s i s  o f  o l i g o s a c c h a r i d e s  r e l e a s e d  f r o m  t h e  
h ea vy  and t h e  l i g h t  s u b u n i t s  o f  r a t  k i d n e y  G G T , 3 6  r e v e a l e d  t h a t  
h i g h  m a n n o s e - t y p e  s u g a r  c h a i n s  a r e  f o u n d  o n l y  i n  t h e  heavy  s u b u n i t ,  
and t h e  n o n - s i a l y l a t e d  and n o n - f u c o s y l a t e d  b i a n t e n n a r y  c o m p l e x - t y p e  
s u g a r  c h a i n s  a r e  o n l y  f o u n d  i n  t h e  l i g h t  s u b u n i t .
The SDS-PAGE c a r r i e d  o u t  i n  t h i s  w o rk  on t h e  g l y c o s y l a t e d  
s u b u n i t s  o f  GGT f r o m  b o t h  s o u r c e s  showed s i g n i f i c a n t  h e t e r o g e n e i t y ,  
due t o  s e v e r a l  i s o z y m e s  ( T a b l e  7 . 4 ) .  T a t e  and M e i s t e r i i 6  a l s o  
f o u n d  c o n s i d e r a b l e  h e t e r o g e n e i t y  w i t h  r a t  k i d n e y  GGT and f o u n d  
s e p a r a t i o n  by i s o l e l e c t r i c  f o c u s s i n g  on p o l y a c r y l a m i d e  g e l s  y i e l d e d  
t w e l v e  e n z y m a t i c a l l y  a c t i v e  i s o z y m e s  r a n g i n g  i n  p i  f r o m  5 t o  8 .  
These  is o z y m e s  e x h i b i t e d  s i m i l a r  c a t a l y t i c  p r o p e r t i e s  and t h e i r  
am ino  a c i d ,  hexose  and a m in o h e x o s e  c o m p o s i t i o n s  we re  s i m i l a r .  
Ho w eve r ,  n e u r a m i n i d a s e  t r e a t m e n t  f o l l o w e d  by i s o e l e c t r i c  f o c u s s i n g  
i n d i c a t e d  t h a t  t h e  m u l t i p l e  f o r m s  were  p r i m a r i l y  due t o  d i f f e r e n t  
d e g r e e s  o f  s i  a l  y  1 a t i o n .  2 2 s i m i l a r  i s o z y m e s ,  a t t r i b u t i n g  t o  
v a r y i n g  d e g r e e s  o f  s i a l y l a t i o n ,  have a l s o  been d e t e c t e d  i n  a d u l t ,  
f e t a l  and r e g e n e r a t i n g  r a t  l i v e r , 123  no rm a l  and n e o p l a s t i c  r a t  
mammary t i s s u e , 126  r a t  s e m in a l  v e s i c l e s  and e p i d i d y m u s , ^ 25 and 
i n  p u r i f i e d  human k i d n e y  e n z y m e . '<■*3
The e x i s t e n c e  o f  t h e s e  i s o z y m e s ,  makes i t  v e r y  d i f f i c u l t  t o  
c r y s t a l l i s e  t h e  enzyme,  as t h e  is o z y m e s  have  a s l i g h t l y  d i f f e r e n t
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c o n f o r m a t i o n s . C r y s t a l l i s a t i o n  has been a t t e m p t e d  i n  t h i s  w o r k ,  b u t  
p r o v e d  u n s u c c e s s f u l ,  p r o b a b l y  f o r  t h i s  v e r y  r e a s o n .  How eve r ,  t h e  
GGT i s o l a t e d  f r o m  E .C o l i® ®  s h o u l d  have no s u c h  p r o b le m s  as t h e  
enzyme i s  a homogeneous p r o t e i n  (no  i s o z y m e s ) .  The a u t h o r s  have 
c l a i m e d  t o  have  c r y s t a l l i s e d  GGT, b u t  no c r y s t a l l o g r a p h y  d a t a  has 
been p u b l i s h e d  as y e t .
S i n c e  a l l  t h e  e v i d e n c e  i n d i c a t e s  t h a t  t h e  c | j f f e r e n c e s  i n  t h e  
i s o z y m e s  can be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e i r  c a r b o h y d r a t e  
m o i e t i e s ,  upon re m o v a l  o f  t h e  c a r b o h y d r a t e  m o i e t i e s  t h e r e  s h o u l d  be 
no d i f f e r e n c e s  and t h u s ,  no i s o z y m e s .  The r e s i d u a l  m o l e c u l a r  w e i g h t  
s h o u l d  be a t t r i b u t e d  s o l e l y  t o  t h e  p r o t e i n  s e q u e n c e .
D e g l y c o s y 1a t i o n  o f  b o v i n e  k i d n e y  and C a c o -2  c e l l  GGT c a r r i e d
o u t  i n  t h i s  s t u d y ,  r e s u l t e d  i n  t h e  s u b u n i t s  h a v i n g  masses o f  40 and 
19 KDa f o r  t h e  h ea vy  and l i g h t  s u b u n i t s  r e s p e c t i v e l y .  These r e s u l t s  
a r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d  by T a t e  e t  a l . , 2 24  f o r  t h e
d e g l y c o s y 1a t i o n  w i t h  TFMS o f  GGT i s o l a t e d  f r o m  r a t ,  human and
b o v i n e  k i d n e y  as shown i n  T a b le  7 . 8 .
T a b le  7 . 8 :  C o m p a r i s o n  o f  M o l e c u l a r  W e ig h t s  o f  D e g l y c o s y l a t e d  GGT
M o l e c u l a r  W e ig h ts  (KDa)
S u b u n i t :  Heavy L i g h t
S o u rc e  N a t i v e  D e g l y c o s .  N a t i v e  D e g l y c o s .
T a t e  e t  a l . 224
R a t  51 41 25 19
Human 63 42 21 19
B o v in e  72 42 21 19
T h i s  Work
B o v in e  ( T )  7 6 -7 0  40 2 1 - 1 9 . 5  1 9 .5
B o v in e  (C)  7 6 -7 0  40 2 1 - 1 9 . 5  19
C a c o -2  ( T )  6 0 - 5 4  40 2 1 - 1 9 . 5  19
T -  D e g l y c o s y 1a t i o n  by TFMS
C- D e g l y c o s y l a t i o n  by c y a n o b o r o h y d r i de
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The r e s u l t s  i n  T a b le  7 . 8  c o n f i r m s  t h e  e v i d e n c e  f r o m  o t h e r  
s t u d i e s ,  t h a t  t h e  m o l e c u l a r  w e i g h t  d i f f e r e n c e s  o b s e r v e d  by t h e  
n a t i v e  g l y c o s y l a t e d  p r o t e i n s  a r e  due t o  t h e  h e t e r o g e n e o u s  
c a r b o h y d r a t e s . Removal o f  t h e s e ,  r e s u l t s  i n  a l l  o f  t h e  s o u r c e s  
h a v i n g  s i m i l a r  m o l e c u l a r  w e i g h t s ,  s o l e l y  due t o  t h e  p r o t e i n  mass.
The d e g l y c o s y l a t e d  GGT s t u d i e d  h e r e  ( b e f o r e  d é n a t u r a t i o n  by SDS 
f o r  M .W t .  d e t e r m i n a t i o n s ) ,  showed no d e t e c t a b l e  e n z y m ic  a c t i v i t y .  
T h i s  may be due t o  one o f  t h r e e  p o s s i b i l i t i e s .  F i r s t l y  t h e  
c a r b o h y d r a t e  g r o u p s  a c t i v e l y  p a r t i c i p a t e  i n  t h e  e n z y m a t i c  a c t i v i t y ,  
i n  a s i m i l a r  way t o  t h a t  p r o t e i n s  and c a r b o h y d r a t e s  have  been shown 
t o  i n t e r a c t  w i t h  each o t h e r . 2 4 4  yhe  e x i s t e n c e  o f  GGT i s o l a t e d  
f r o m  E .C o l i® ®  w h ic h  was p r e s u m a b l y  d e v o i d  o f  s u g a r  u n i t s  i s  
p r o o f  a g a i n s t  t h e  f i r s t  p o s s i b i l i t y .  The secon d  p o s s i b i l i t y  i s  t h a t  
t h e  d e g l y c o s y l a t i o n  m e th o d ,  a p a r t  f r o m  re m o v in g  t h e  c a r b o h y d r a t e  
g r o u p s ,  a l s o  m o d i f i e s  an a c t i v e  am ino  a c i d  r e s i d u e ,  w h i c h  i s  
i m p o r t a n t  i n  t h e  c a t a l y t i c  a c t i o n  o f  GGT. The f a c t  t h a t  tw o  
c o m p l e t e l y  d i f f e r e n t  d e g l y c o s y l a t i o n  p r o c e d u r e s  w e re  e m p lo y e d  and 
b o t h  r e s u l t e d  i n  a t o t a l  l o s s  o f  a c t i v i t y  by m o d i f i n g  an am ino  a c i d  
r e s i d u e  i s  e v i d e n c e  a g a i n s t  t h i s  p o s s i b i l i t y .  The l a s t  p o s s i b i l i t y  
i s  t h a t  b o t h  d e g l y c o s y a l t i o n  p r o c e d u r e s  d e n a t u r e d  t h e  t e r t i a r y  
a n d / o r  s e c o n d a r y  s t r u c t u r e  o f  t h e  enzyme.  T h i s  l a s t  p o s s i b i l i t y  i s  
p r e s e n t l y  u n d e r  i n v e s t i g a t i o n  by c a r r y i n g  o u t  C i r c u l a r  D i c h r o m is m  
(CD) a n a l y s i s  o f  t h e  g l y c o s y l a t e d  and d e g l y c o s y l a t e d  enzym es .
7 . 3 . 2  I s o l a t e d  S u b u n i t
S e v e r a l  w o r k e r s ^ 2  a , 1 2  a , 2 3 o have t r i e d  u n s u c c e s s f u l l y  t o  
s e p a r a t e  t h e  two  s u b u n i t s  o f  GGT, w h i l e  s t i l l  m a i n t a i n i n g  t h e  
e n z y m ic  a c t i v i t y .  T r e a t m e n t  o f  t h e  enzyme w i t h  d i s s o c i a t i n g  a g e n t s  
such  as u r e a  and SDS a t  n e u t r a l  pH v a l u e s  r e s u l t e d  i n  e x t e n s i v e  
p r o t e o l y t i c  d e g r a d a t i o n  o f  t h e  l a r g e  s u b u n i t  due t o  u n m a s k in g  o f  
t h e  p r o t e i n a s e  a c t i v i t y  o f  t h e  l i g h t  s u b u n i t . 129  i n t a c t  s u b u n i t s
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we re  i s o l a t e d  upon u r e a - t r e a t m e n t  o f  t h e  enzyme i n  a c e t i c  a c i d  (1M) 
f o l l o w e d  by g e l  f i l t r a t i o n  i n  t h e  same medium.  The d e n a t u r e d  
s u b u n i t s  we re  i n a c t i v e  and r e n a t u r a t i o n  o f  i n d i v i d u a l  s u b u n i t s ,  by 
d i a l y s i s  d i d  n o t  r e s t o r e  a c t i v i t y .  S i g n i f i c a n t  r e c o n s t i t u t i o n  o f  
GGT a c t i v i t y  ( u p  t o  15% o f  t h e  n a t i v e  enzyme) was a c h i e v e d  by p r i o r  
m i x i n g  o f  t h e  d e n a t u r e d  s u b u n i t s  f o l l o w e d  by d i a l y s i s .  The 
r e c o n s t i t u t e d  a c t i v e  s p e c i e s  was shown t o  be s i m i l a r  t o  t h e  n a t i v e  
enzyme by p u r i f i c a t i o n  u s i n g  g e l  f i l t r a t i o n .  1 27
T h i s  w o rk  i s  t h e  f i r s t  t o  show enzyme a c t i v i t y  i n  t h e  i s o l a t e d  
l i g h t  s u b u n i t .  W h i l s t  t h i s  was o n l y  1% o f  t h a t  o f  t h e  n a t i v e  
enzyme,  t h i s  was r e p r o d u c i b l e  and SDS-PAGE c o n f i r m e d  t h e  p r e s e n c e  
o f  t h e  l i g h t  s u b u n i t  o n l y .  The heavy  s u b u n i t  showed no d e t e c t a b l e  
a c t i v i t y  and on r e c o n s t i t u t i o n  o f  t h e  heavy  and l i g h t  s u b u n i t s ,  t h e  
a c t i v i t y  was t h e  same as t h a t  o f  t h e  l i g h t  s u b u n i t  a l o n e .
The a c t i v i t y  o f  t h e  l i g h t  s u b u n i t  was h o w e v e r ,  u n a f f e c t e d  by t h e  
a d d i t i o n  o f  v a r i o u s  a c c e p t o r s  o r  m a l e i c  a c i d  ( T a b l e  7 . 6 ) .  T h e r e  was 
a l s o  no e v i d e n c e  f o r  t h e  f o r m a t i o n  o f  t r a n s p e p t i d a t i o n  o r  
a u t o t r a n s p e p t i d a t i o n  p r o d u c t s .  U s in g  t h e  w o r k i n g  h y p o t h e s i s  o f  
a c c e p t o r s  and c a t a l y s i n g  a g e n t s  b i n d i n g  t o  t h e  a c c e p t o r  s i t e  o f  t h e  
n a t i v e  enzyme ( C h a p t e r s  4 & 5 ) ,  i t  may s u g g e s t  t h a t  t h e  a c c e p t o r  
s i t e  i s  n o t  p a r t l y  o r  w h o l l y  p r e s e n t  on t h e  l i g h t  s u b u n i t .  These 
r e s u l t s  s u g g e s t  t h a t  t h e  o n l y  r e a c t i o n  w h ic h  t h e  l i g h t  s u b u n i t  i s  
c a t a l y s i n g  i s  h y d r o l y s i s ,  i e :  f o r m a t i o n  o f  g l u t a m a t e  f r o m  t h e  
g a m m a -g lu ta m y l  i n t e r m e d i a t e .  The h y p o t h e s i s  t h a t  h y d r o l y s i s  i s  t h e  
r e a c t i o n  t a k i n g  p l a c e  g a i n s  c r e d i b i l i t y  f r o m  t h e  pH p r o f i l e  o f  t h e  
i s o l a t e d  l i g h t  s u b u n i t  ( F i g u r e  7 . 8 ) .  The pH p r o f i l e  r e f l e c t s  t h e  pH 
d e p ende nc e y  r e q u i r e d  t o  e i t h e r  a c t i v a t e  t h e  g a m m a -g lu ta m y l  d o n o r  o r  
t h e  enzyme,  so  t h a t  t h e  i n t e r m e d i a t e  can be f o r m e d .  The r e s u l t s  
o b t a i n e d  i n  t h i s  s t u d y  s u p p o r t  t h e  v i e w s  o f  s e v e r a l  o t h e r  
w o r k e r s , i 2 7 who have  p o s t u l a t e d  t h a t  t h e  a c t i v e  s i t e  s p a n s  a
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c l e f t  be tw een  t h e  l i g h t  and h e a v y  s u b u n i t s  o f  t h e  n a t i v e  enzyme.
7 . 3 . 3  S t r u c t u r e  o f  GGT
S e v e r a l  am ino  a c i d  s e q u e n c e s  o f  b o t h  t h e  am ino  and c a r b o x y  
t e r m i n i  o f  t h e  tw o  s u b u n i t s  o f  GGT f r o m  v a r i o u s  s o u r c e s  have  been 
c a r r i e d  o u t ,  and com pare  w e l l  w i t h  each o t h e r . 2 o i , 2 4 5 j h i s  t y p e  
o f  a m in o  a c i d  s e q u e n c i n g  i s  l i m i t e d  by t h e  e x t e n t  o f  p u r e  m a t e r i a l  
one i s  a b l e  t o  o b t a i n e d  a f t e r  each r e s i d u e  i s  c l e a v e d ,  p r i o r  t o  
a n a l y s i s  and as  a r e s u l t  o n l y  a c h a i n  o f  3 0 -3 5  r e s i d u e s  can be 
d e t e r m i n e d  w i t h  a c c u r a c y .  As a r e s u l t  o f  t h i s  l i m i t a t i o n  t h e  f u l l  
am ino  a c i d  s e q u e n c e  o f  a l a r g e  p r o t e i n  such  as GGT i s  a l m o s t  
i m p o s s i b l e  t o  o b t a i n  d i r e c t l y .  Howeve r ,  i f  t h e  cDNA sequ e n c e  
r e l a t e d  t o  a p a r t i c u l a r  p r o t e i n  i s  i s o l a t e d  and s e q u e n c e d ,  t h e  
a m ino  a c i d  s e q u e n c e  can be d e r i v e d .  Over  t h e  p a s t  t e n  y e a r s ,  m a j o r  
a d v a n c e s  have  been made i n  t h i s  d i r e c t i o n  and t h e  am ino  a c i d  
s e q u e n c e s  o f  a l a r g e  number  o f  p r o t e i n s  have  been o b t a i n e d .
The cDNA o f  r a t  r e n a l  GGT has been c l o n e d ,  and i t s  n u c l e o t i d e  
s e q u e n c e  was d e t e r m i n e d  by b o t h  L a p e rc h e  e t  a l . . 2 4 7 , 2 4 8  
P a p a n k d r i k o p o l ou e t  a l . 249  i s o l a t e d  and c l o n e d  t h e  cDNA f o r  
p o r c i n e  b r a i n  c a p i l l i a r y  GGT, a l s o  S uk i  e t  a l . 2 3 8 , 2 5 2  c l o n e d  
t h e  GGT gene f r o m  E . C o l i .  K - 1 2 .  More r e c e n t l y  Sakamuro e t  a l . 2  46  
c l o n e d  t h e  cDNA o f  human h e p a t i c  GGT, M ey ts  e t  a l . 249 c l o n e d  t h a t  
o f  human p l a c e n t a l  GGT, Goodspeed e t  a l . 2 5 6  c l o n e d  t h a t  o f  human 
hepa tom a GGT and d e t e r m i n e d  t h e  n u c l e o t i d e  s e q u e n c e s .  The d e r i v e d  
am ino  a c i d  s e q u e n c e s  o f  human h e p a t i c ,  human hep a to m a ,  and 
p l a c e n t a l  GGT we re  shown t o  be e s s e n t i a l l y  t h e  s a m e . 2 4 6  GGT
p r e c u r s o r s  enco ded  by t h e  DNA s e q u e n c e s ,  c o n t a i n e d  568 o r  570 am ino  
a c i d s  and e x h i b i t e d  a m o l e c u l a r  w e i g h t  o f  a b o u t  6 2 , 0 0 0 .  The 
p o r t i o n s  c o r r e s p o n d i n g  t o  t h e  heavy  and l i g h t  GGT s u b u n i t s  t h u s  had 
m o l e c u l a r  w e i g h t s  o f  a b o u t  4 2 , 0 0 0  and 2 0 ,0 0 0  and 379 ( o r  3 81 )  and 
189 r e s i d u e s  r e s p e c t i v e l y ,  d e p e n d e n t  upon t h e  s o u r c e .
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F i g u r e  7 . 9 :  C o m p a r i s o n  o f  t h e  P r o t e i n  Sequences  o f  GGT.
1 3 0
Human MKKKLVVLGLLAVVLVLVIVGLCLWLPSASKEPDNHVYTRAAVAADAKQCSKIGRDALRDP o r c i  ne -----RY LL-A -A— A------L - L -------------------N— . - H ----- P ------------------LR— E-------- T-----
R a t  —  NRFL---------- V-------- F—  I ----- 1-------1 T—GK—  .  S T------ R— E-------- M—QE
PHR R PHR
6 1 9 0 *  *
Human GGSAVDAAIAALLCVGLMNAHSMGIGGGLFLTIYNSTTRKAEVINAREVAPRLAFATMFN 
P o r c i n e ----------------------------------------------------------------------------------------1------------------------S -S -----
1 2  1 1 5  0
Human SSEQSQKGGLSVAVPGEIRGYELAHQRHGRLPWARLFQPSIQLARQGFPVGKGLAAALEN
PHR18 1 2 10 *
Human KRTVIEQQPVLCEVFCRDRKVLREGERLTLPQLADTYETLAIEGAQAFYNGSLTAQIVKD
P o r c i  neSQDA“ KRH“ A--------------NGN------------ DLV—M—R— K— ——— V------------------------------------
R a t  ----- 1 —  KT------------------ QG Q--------T— L~K-------- L Q I— Q----R------------------------------
•' H PHR
2 4 1 *  2 7 0  *
Human IQAAGGIVTAEDLNNYRAELIEHPLNISLGDAVLYMPSAPLSGPVLALILNILKGYNFSR
P PHR
3 0 1 3 3 0  *  *
Human ESVESPEQKGLTYHRIVEAFBFAYAKRTLLGDPKFVDVTEVVRNMTSEFFAAQLRAQISD
3 6 1 +  3 9 0
Human DTTHPISYYKPEFYTPDDGGTAHLSVVAEDGSAVSATSTINLYFGSKVRSPVSGILFNNE
R a t  E-------TA— EA------- L----------------------------------------A--------------------------- L -R ---------------D-
PR
4 2 1 *  4 5 0
Human MDDFSSPSITNEFGVPPSPANFIQPGKQPLSSMCPTIMVGQDGQVRMVVGAAGGTQITTA
PHR
4 8 1 *
Human TALAIIYNLWFGYDVKRAVEEPRLHNQLLPNVTTVERNIDQAVTAALETRHHHTQIASTF
P o r c i n e ------------HS------------------------------------------------ T - - L - K G  A K Y I - D --------
R a t  V N-------------------------------------------------------------K--------V------G“ K-------------EVTPO-
5 4 1
Human lAVVQAIVRTAGGWAAASDSRKGGEPAGY 
P o r c i n e —G----------------- PS----------------------------------
N - g l y c o s y 1a t i o n  s i t e s  a r e  i n d i c a t e d  by ( * )  and ( P = p o r c i n e ,  
H=human, R = r a t ) .  M i s s i n g  a m in o  a c i d s = d o t s ,  l i g h t  s u b u n i t  s t a r t s =  +.
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F i g u r e  7 . 9  shows t h e  a l i g n m e n t  o f  t h e  d e d u c e d  p r o t e i n  s e q u e n c e s  
o f  GGT f r o m  s e v e r a l  d i f f e r e n t  s o u r c e s  (hum anzso ,  r a t ^ - ia  and 
p o r c i n e 2 4 9 ) .  One can  c l e a r l y  see  t h a t  r e g a r d l e s s  o f  s o u r c e  t h e  
sequ e n c e  i n  t h e  heavy  s u b u n i t  i s  a t  l e a s t  80% i d e n t i c a l ,  w h i l e  t h e  
l i g h t  s u b u n i t  a p p ro a c h e s  90% and h i g h e r .  T h i s  i s  n o t  v e r y  
s u r r i s i n g ,  i n  v i e w  o f  t h e  f a c t  t h a t  t h e  l i g h t  s u b u n i t  i s  t h o u g h t  t o  
c o n t a i n  t h e  a c t i v e  s i t e ,  w h i c h  has  been shown by num erous  w o r k e r s  
t o  have  v e r y  s i m i l a r  c a t a l y t i c  p r o p e r t i e s  r e g a r d l e s s  o f  s o u r c e .  The 
v a r i e d  number and p o s i t i o n s  o f  p o s s i b l e  N - g l y c o s y l a t i o n  s i t e s  as 
d e p i c t e d  i n  F i g u r e  7 . 9 ,  by t h e  s e q u e n c e s  A s n - X a a - T h r  and 
A s n - X a a - S e r ,  be tw e en  s p e c i e s ,  h i g h l i g h t s  t h e  h e t e r o g e n e i t y  o f  t h e  
c a r b o h y d r a t e  c h a i n s  as d i s c u s s e d  i n  S e c t i o n  7 . 3 . 1 .
A c c o r d i n g  t o  K y t e  and D o o l i t t l e , ^ ® ®  a p r o t e i n  sequ e n c e  
c o r r e s p o n d i n g  t o  a m e m b ra n e -s p a n n in g  dom a in  i s  c h a r a c t e r i s e d  by a 
seq u e n c e  o f  a t  l e a s t  18 am ino  a c i d s ,  e x h i b i t i n g  an a v e r a g e  
h y d r o p a t h y  i n d e x  g r e a t e r  t h a n  3 . 2 .  U s in g  a c o m p u t e r  p ro g ra m  
( A p p e n d i x  3 )  a d a p te d  f r o m  K y t e  and D o o l i t t l e , 2 s 3 t h e  h y d r o p a t h y  
f o r  t h e  s e qu ence  o f  GGT (hum an2so )  was c a l c u l a t e d ,  as d e p i c t e d  by 
F i g u r e  7 . 1 0 .  O n ly  one dom a in  i n  t h e  GGT s e q u e n c e  can meet  t h e  
c r i t e r i a  f o r  a membrane s p a n n in g  sequ e n c e  and t h i s  i s  l o c a t e d  i n  
t h e  am ino  t e r m i n a l  p o r t i o n  o f  t h e  heavy  s u b u n i t  ( r e s i d u e s  6 - 2 4 ) .  
T h i s  s egm en t  has been shown t o  r e m a in  i n  t h e  c e l l  membrane a f t e r  
p a p a in  d i g e s t i o n .  T h i s  was c o n f i r m e d  by M a ts u d a  123  who removed 
t h e  am ino  t e r m i n a l  r e g i o n  o f  t h e  heavy  s u b u n i t  o f  t h e  T r i t o n  
i s o l a t e d  GGT by p r o t e o l y s i s  w i t h  p a p a in  and showed i t  t o  be 
composed o f  a h y d r o p h o b i c  dom a in  and a h y d r o p h i l i c  d o m a in .  The 
h y d r o p h o b i c  domain  c o n t a i n e d  t h e  a m i n o - t e r m i n u s  o f  t h e  heavy  
s u b u n i t ,  i n c l u d i n g  a b o u t  20 h y d r o p h o b i c  am ino  a c i d s  t h a t  c o n t r i b u t e  
t o  t h e  a n c h o r a g e  o f  t h e  enzyme t o  t h e  membrane.  I t  i s  p o s s i b l e  t h a t  
t h e  h y d r o p h i l i c  domain  f o l l o w i n g  t h e  h y d r o p h o b i c  dom a in  p r o b a b l y
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c o n t a i n s  a c a r b o h y d r a t e  l i n k a g e  ( w h i c h  i s  h i g h l y  h y d r o p h i l i c ) ,  
i n c r e a s i n g  t h e  s o l u b i l i t y  o f  t h e  membrane bound enzyme.
F i g u r e  7 . 1 0 :  H y d r o p a t h y  I n d e x  o f  GGT ( H u m a n ) 2 5 o
200
Soquenco n u m b o r100
5
40 0
I n  t h i s  s t u d y  s e c o n d a r y  s t r u c t u r e  p r e d i c t i o n  p ro g ra m s  we re  used 
on human GGT^so t o  t r y  and g a i n  some i n f o r m a t i o n  on t h e  s e c o n d a r y  
s t r u c t u r e  o f  t h e  p r o t e i n .  T h i s  was done i n  t h e  hope o f  u n d e r t a k i n g  
some f u t u r e  c o m p u te r  m o d e l l i n g  o f  t h e  a c t i v e  s i t e  once  s u f f i c i e n t  
i n f o r m a t i o n  had been o b t a i n e d .  B o th  t h e  m e th ods  o f  Chou and 
Fasman,*  and t h a t  o f  G a m i e r , *  we re  p r o c e s s e d  and t h e  
p r e d i c t i o n s  w h ic h  c o i n c i d e d  w i t h  each o t h e r  a r e  shown i n  F i g u r e  
7 . 1 1 .
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F i g u r e  7 . 1 1 :  S e c o n d a ry  S t r u c t u r e  P r e d i c t i o n  Based on Human GGT
a - h e l i x  
l 3 - s h e e t  
t u r n s
a - h e l i  x 
| 3 - s h e e t  
t u r n s
a - h e l i x  
B - s h e e t  
t u r n s
a - h e l i x  
(3 -s h e e t  
t u r n s
a - h e l i  x 
| 3 - s h e e t  
t u r n s
1 3 0
MKKKLVVLGLLAVVLVLVIVGLCLWLPSASKEPDNHVYTRAAVAADAKQCSKIGRDALRD * * * * *  * * * * * *  * * * * * * * * * *  
£ £ £ £ £ £ £ £ £ £ £ £
T T
6 1 9 0
GGSAVDAAIAALLCVGLMNAHSMGIGGGLFLTIYNSTTRKAEVINAREVAPRLAFATMFN * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * *
£££££
2 1 1 5  0
SSEQSQKGGLSVAVPGEIRGYELAHQRHGRLPWARLFQPSIQLARQGFPVGKGLAAALEN
* * * * * *  * * * * * * *
££ ££
T T
8 1 2 1 0
KRTVIEQQPVLCEVFCRDRKVLREGERLTLPQLADTYETLAIEGAQAFYNGSLTAQIVKD 
* * *  * * * * * *  * *  * * * * * * * * * * * *
££££  £ £££  £ £ £ £ £
T T
2 4 1 2 7 0
IQAAGGIVTAEDLNNYRAELIEHPLNISLGDAVLYMPSAPLSGPVLALILNILKGYNFSR 
* *  * * * * * *  * * * * * *
£££  £ £ £ £ £ £ £
3 0 1
a - h e l i  x 
|3 - s h e e t  
t u r n s
a - h e l i  x 
| 3 - s h e e t  
t u r n s
3 3 0
ESVESPEQKGLTYHRIVEAFBFAYAKRTLLGDPKFVDVTEVVRNMTSEFFAAQLRAQISD * * * * * *  * * * * * * * * *  * * * * * *  * * * * * * * * * * *  
£ £ £ £ £  ££££
T T
3 9 0
DTTHPISYYKPEFYTPDDGGTAHLSVVAEDGSAVSATSTINLYFGSKVRSPVSGILFNNE
* *
£ £ £ £ £ £ £  £ £ £ £ £ £
T T T T T
4 5 0
3 6 1
4 2 1
a - h e l i x  
( 3 -s h ee t  
t u r n s
MDDFSSPSITNEFGVPPSPANFIQPGKQPLSSMCPTIMVGQDGQVRMVVGAAGGTQITTA
£ £ £ £ £ £ £  £ £ £ £ £ £  £ ££ £ £
T T
5 0 1 5 3 0
TALAIIYNLWFGYDVKRAVEEPRLHNQLLPNVTTVERNIDQAVTAALETRHHHTQIASTF 
a - h e l i x  * *  * * * * * * * *  * * * * * * * * * * * * * *
(3 -s h e e t  ££££££ ££££££ ££
t u r n s  T
5 4 1
lAVVQAIVRTAGGWAAASDSRKGGEPAGY 
a - h e l i x  * *  * * *
(3—s h e e t  ££ ££££
t u r n s  T
T o t a l :  569 r e s i d u e s ,  
a - h e l i x :  179 r e s i d u e s  (31%) 
B - s h e e t :  111 r e s i d u e s  (20%) 
o t h e r :  279 r e s i d u e s  (49%)
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One o f  t h e  f e a t u r e s  o f  F i g u r e  7 . 1 1 ,  i s  an a - h e l i x  f o l l o w e d  by a 
13-shee t ,  a t  t h e  ami n o - t e r m i  nus o f  t h e  heavy  s u b u n i t  ( r e s i d u e s
1 - 2 5 ) .  T h i s  i s  v e r y  l i k e l y  t o  be t h e  h y d r o p h o b i c  and h y d r o p h i l i c  
d o m a ins  t h a t  we re  d e s c r i b e d  by B l o c h b e r g e r  e t  a l . ' * ' *® w h i c h  w e re  
a s s o c i a t e d  w i t h  t h e  membrane a n c h o r  o f  t h e  enzyme.  I t  i s  a l s o  
n o t e w o r t h y  t h a t  t h e  heavy  s u b u n i t  has s e v e r a l  a - h e l i x e s ,  b u t  t h e r e  
a r e  v e r y  fe w  i n  t h e  l i g h t  s u b u n i t ,  w h ic h  c o n s i s t s  m o s t l y  o f  
{ 3 - s h e e ts  and t u r n s .  CD a n a l y s i s  was c a r r i e d  o u t  on a s a m p le  o f  
b o v i n e  k i d n e y  GGT, a l t h o u g h  n o t  i d e n t i c a l  t o  t h a t  o f  human GGT, b u t  
p r e s u m a b le y  v e r y  s i m i l a r  ( F i g u r e  7 . 9 ) .  T h i s  r e v e a l e d  t h a t  t h e  
s e c o n d a r y  s t r u c t u r e  c o n s i s t e d  o f  a - h e l i x  (31% ) ,  B - s h e e t  (5 1 % ) ,  and 
16% o t h e r .  Compared t o  t h e  c o m p u t e r  s e c o n d a r y  s t r u c t u r e  p r e d i c t i o n  
( F i g u r e  7 . 1 1 ) ,  t h i s  com pares  w e l l .  Even t h o u g h  t h e  B - s h e e t  c o n t e n t  
i s  much l o w e r ,  one m us t  remember t h a t  F i g u r e  7 .11  o n l y  shows t h e  
p r e d i c t i o n s  w h ic h  c o i n c i d e d ,  and each p r e d i c t i o n  had s u b s t a n t i a l l y  
more B - s h e e t .
S i n c e  p r i m a r y  s t r u c t u r e s  a r e  a v a i l a b l e ,  S a k a m u r i ^ s  t r i e d  t o  
p o s t u l a t e  t h e  l o c a t i o n  o f  t h e  a c t i v e  s i t e  i n  t h e  l i g h t  s u b u n i t  
u s i n g  i n f o r m a t i o n  on am in o  a c i d  s equ ences  o f  a c t i v e  s i t e s  o f  
c l o s e l y  r e l a t e d  enzym es.  A l t h o u g h  no g e n e r a l  s i m i l a r i t y  i n  am ino  
a c i d  s e q u ence  were  d e t e c t e d  be tween GGT and g l u t a m i n e  
a m i d o - N - t r a n s f e r a s e , a s t r e t c h  o f  am ino a c i d s  i n  t h e  l i g h t  s u b u n i t  
o f  GGT showed a s l i g h t  s i m i l a r i t y  w i t h  t h e  g l u t a m i n e  b i n d i n g  
s equ e n c e  o f  g l u t a m i n e  a m i d o - N - t r a n s f e r a s e . They a l s o  f o u n d  no 
s i m i l a r i t i e s  be tween  t h e  a m ino  a c i d  s equ ences  o f  GGT w i t h  l i v e r  
t r a n s g l u t a m i n a s e  ( p r o t e i n - g l u t a m i ne am ine g l u t a m y l  t r a n s f e r a s e )  (EC 
2 . 3 . 2 . 1 3 ) ,  w h i c h  c a t a l y s e s  t h e  f o r m a t i o n  o f  a g l u t a m i d e  bond 
be tw een  p r o t e i n s .  E x t e n s i v e  w o rk  i n  t h i s  s t u d y  was c a r r i e d  
c o m p a r in g  t h e  am ino  a c i d  s e q u e n c e  o f  GGT (human, p o r c i n e  and r a t ) ,  
w i t h  t h e  s e q u e n c e s  i n  t h e  P r o t e i n  I n f o r m a t i o n  R e s o u r c e  and
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t h e  B ro o k h a v e n  D a ta b a n k ,  b u t  no s i m i l a r i t é s  o f  any a p p r e c i a b l e  
l e n g t h  o r  i m p o r t a n c e  we re  f o u n d .
A r e c e n t  s i g n i f i c a n t  f i n d i n g  i s  t h a t  o f  S t o l e  e t  a l . 2 4 3  ^ who 
showed s e l e c t i v e  i n h i b i t i o n  o f  GGT by u s i n g  [ i 4 c ] - A T - 1 2 5 ,  an 
i n h i b i t o r  w h ic h  b i n d s  s t o i c h i o m e t r i c a l 1 y t o  t h e  enzyme,  as 
d e s c r i b e d  i n  C h a p t e r  5 .  More t h a n  90% o f  t h e  l a b e l l e d  i n h i b i t o r  was 
f o u n d  t o  be bound t o  t h e  l i g h t  s u b u n i t .  E n z y m a t i c  d i g e s t i o n  o f  t h e  
l i g h t  s u b u n i t  gave a [■> ^ C ] - l a b e l  l e d  p e p t i d e  t h a t  c o r r e s p o n d e d  t o  
am ino  a c i d  r e s i d u e s  5 1 7 -5 2 7  o f  t h e  enzyme.  Edman s e q u e n c i n g  o f  t h e  
p e p t i d e  r e l e a s e d  t h e  r a d i o a c t i v i t y  w i t h  t h r e o n i n e - 5 2 3 ,  p a r t  o f  t h e  
l i g h t  s u b u n i t .  T h e re  a r e  14 o t h e r  t h r e o n i n e  r e s i d u e s  and 19 o t h e r  
s e r i n e  r e s i d u e s ,  w h i c h  were  n o t  l a b e l l e d .  They a l s o  f o u n d  t h a t  t h e  
m e t h y l  e s t e r  o f  AT -125  d i d  n o t  i n h i b i t  t h e  enzyme,  t h u s  s u g g e s t i n g  
t h e  f r e e  a c i d  i s  r e q u i r e d  and t h a t  A T -125  b i n d s  t o  GGT v i a  t h i s  
c a r b o x y l  m o i e t y .  How eve r ,  i t  i s  n o t  l i k e l y  t h a t  t h i s  t h r e o n i n e  
r e s i d u e  t a k e s  an a c t i v e  p a r t  i n  t h e  c a t a l y t i c  a c t i o n ,  i e :  t h e
h y d r o x y l  g ro u p  w h ic h  may f o r m  t h e  c o v a l e n t  bond i n  t h e  
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  The r e a s o n  w h ic h  t h e s e  a u t h o r s  
have  o v e r l o o k e d ,  i s  t h a t  t h e  c o r r e s p o n d i n g  r e s i d u e  f o r  o t h e r  
s p e c i e s  i e :  p o r c i n e  and r a t  ( F i g u r e  7 . 9 ) ,  i s  a a l a n i n e  r a t h e r  t h a n  
a t h r e o n i n e  and t h u s  c a n n o t  i n t e r a c t  w i t h  A T -1 2 5 .  T h i s  h o w e v e r ,  
does  n o t  d i s c o u n t  t h e  p o s s i b i l i t y  t h a t  AT -125  i s  b i n d i n g  
s u f f i c i e n t l y  c l o s e  enough t o  t h e  a c t i v e  s i t e  t o  p r e v e n t  b i n d i n g  o f  
a g a m m a -g lu ta m y l  d o n o r .
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7 . 4  S U M M A R Y
1) GGT has been i s o l a t i o n  f r o m  a n o v e l  s o u r c e ,  C a c o -2  c e l l  
m o n o l a y e r s ,  w i t h  m o l e c u l a r  w e i g h t s  o f  6 0 - 5 4  and 2 1 - 1 9 . 5KDa f o r  t h e  
heavy  and l i g h t  s u b u n i t s  r e s p e c t i v e l y .
2)  The h e t e r o g e n e i t y  o f  GGT i n  t h e  f o r m  o f  i s o z y m e s  and b e tw e e n  
s p e c i e s ,  i s  m a i n l y  due t o  t h e  d i f f e r e n c e  i n  t h e  c a r b o h y d r a t e  
c o n t e n t  o f  t h e s e  h i g h l y  g l y c o s y l a t e d  p r o t e i n s .  The b a s i c  p r o t e i n  
s e qu ence  be tw e en  s p e c i e s  a r e  v e r y  s i m i l a r ,  c o n s i s t i n g  o f  189 
r e s i d u e s  (2 0 k D a )  and 379 r e s i d u e s  (42KDa) f o r  t h e  l i g h t  and h e a v y  
s u b u n i t s  r e s p e c t i v e l y .
3 )  F o r  t h e  f i r s t  t i m e  t h e  s u b u n i t s  o f  GGT w e re  s e p a r a t e d  and 
i s o l a t e d ,  w h i l e  s t i l l  m a i n t a i n i n g  some a c t i v i t y .  T h i s  was a c h i e v e d  
by u s i n g  a e r o s o l  OT as a d i s s o c i a t i n g  a g e n t .  The i s o l a t e d  l i g h t  
s u b u n i t  showed 1% o f  t h e  o r i g i n a l  a c t i v i t y  o f  t h e  n a t i v e  enzyme.
4 )  The a c t i v i t y  i n  t h e  i s o l a t e d  l i g h t  s u b u n i t  i s  u n a f f e c t e d  by 
a c c e p t o r s  and c a t a l y s i n g  a g e n t s ,  and t h e  o n l y  r e a c t i o n  t a k i n g  
p l a c e  i s  h y d r o l y s i s .  The pH p r o f i l e  t h e r e f o r e  r e f l e c t s  t h e  
mechan ism r e q u i u r e d  t o  a c t i v a t e  t h e  g a m m a -g lu ta m y l  d o n o r  o r  t h e  
enzyme i n  t h i s  s t e p  o f  t h e  m echan ism .
5)  GGT i s  a membrane bound enzyme,  w i t h  t h e  p e p t i d e  
s e qu ence  a s s o c i a t e d  w i t h  t h e  membrane b e in g  a h i g h l y  h y d r o p h o b i c  
a - h e l i  x .
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7 .5  EX:F>ER IMEMHTAL.
7 . 5 . 1  M a t e r i a l s
A l l  o f  t h e  c h e m i c a l s  used i n  t h i s  c h a p t e r  we re  e i t h e r  p u rc h a s e d  
f r o m  S igma o r  A l d r i c h .
7 . 5 . 2  G e n e r a l  P r o c e d u r e s
A l l  s o l u t i o n s  used i n  t h e  a s s a y s  a r e  based upon PBS ( 0 .1 M ,  pH 
8 . 5 )  and t h e  pH o f  s o l u t i o n s  was a l t e r e d  u s i n g  NH4 OH o r  HCl 
( 0 . 1M o r  0 . 5 M ) .
A t u b e  was p r e p a r e d  f o r  d i a l y s i s  by b o i l i n g  f o r  20 m i n u t e s  and 
c o o l e d  b e f o r e  use .  The d i a l y s i s  was c a r r i e d  o u t  i n  a t  l e a s t  4 
l i t r e s  o f  d i l u t e  b u f f e r ,  f o r  p e r i o d s  o f  a t  l e a s t  12 h o u r s  w i t h  
c o n s t a n t  s t i r r i n g .
7 . 5 . 3  I n s t r u m e n t a t i o n
A P h i l i p s  PU8700 s e r i e s  U V / V i s  s p e c t r o p h o t o m e t e r  was used f o r  a l l  
o f  t h e  UV m eas u rem en ts ,  u s i n g  1 cm p a t h l e n g t h  c e l l s .  The 
s p e c t r o p h o t o m e t e r  was t h e r m o s t a t e d  a t  25 ± 0 . 5 " C .  u n l e s s  o t h e r w i s e  
s t a t e d .
A l l  pH m easu rem en ts  we re  t a k e n  u s i n g  an Hanna I n s t r u m e n t  H I .  8417 
c o u p l e d  t o  a R u s s e l l  pH e l e c t r o d e .  C a l i b r a t i o n  u s i n g  b u f f e r s  pH 4 
and 7 was c a r r i e d  o u t  a t  l e a s t  e v e r y  3 m o n th s .
A D y n a te c h  M i c r o p l a t e  R eader  MR600 c o u p le d  t o  a BBC c o m p u te r  was 
used t o  m easure  t h e  a b s o r b a n c e  o f  w e l l s  i n  9 6 - w e l l  p l a t e s .
A Beckman L7 -65  U l t r a c e n t r i f u g e  was used f o r  c e n t r i f u g i n g  above  
1 0 , 0 0 0 g .  Be low  t h i s  a Beckman LS 1800 was used .
A LKB Bromma 2070 U l t r o r a c  f r a c t i o n  c o l l e c t o r  i n  c o n j u n c t i o n  w i t h  
a V a r i o p e r p e x  12000 p e r i s t a l t i c  pump were  used f o r  t h e  
c h r o m a t o g r a p h i c  s e p a r a t i o n s  i n v o l v i n g  b o t h  t h e  Sephadex G-100 and 
D E A E - c e l1u l o s e  c o lu m n s .
Gel e l e c t r o p h o r e s i s  was c a r r i e d  o u t  w i t h  a S t u r d i e r  v e r t i c a l  s l a b  
g e l  u n i t  Model SE400 i n  c o n j u g a t i o n  w i t h  a H o e f e r  S c i e n t i f i c  I n s t r .
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PS 500X DC pow er  s u p p l y .
7 . 5 , 4  EXPERIMENTAL PROCEDURE
7 . 5 . 4 . 1  D e g l y c o s y l a t i o n  o f  GGT u s i n g  NaCNBHa M e th o d ^ 2 6 - 2 2 9
A f r e s h l y  p r e p a r e d  s o l u t i o n  o f  NaI04 ( 1 0 m l ,  40mM) was added t o  a 
f r e s h l y  p r e p a r e d  s o l u t i o n  o f  NaCNBHs ( 5 m l ,  80mM), w h i c h  had been 
l e f t  i n  an i c e  b a t h  f o r  an h o u r .  The m i x t u r e  was c o o l e d  i n  an i c e
b a t h  p r o t e c t e d  f r o m  l i g h t  f o r  10 m i n u t e s .  A s o l u t i o n  o f  t h e  enzyme
( 1 0 m l ,  5mg b o v i n e  k i d n e y ,  40 u n i t s )  was add ed ,  and t h e  m i x t u r e  
m a i n t a i n e d  a t  4 “ C i n  t h e  d a r k  f o r  4 h o u r s .  G l y c e r o l  ( l O O p l ,  20% 
v / v ) ,  was added t o  quench  t h e  r e a c t i o n ,  a f t e r  w h i c h  t h e  m i x t u r e  was 
k e p t  i n  t h e  f r i d g e  u n t i l  d i a l y s i s  was c a r r i e d  o u t .  D i a l y s i s  a g a i n s t  
ammonium b i c a r b o n a t e  (5  l i t r e s ,  50mM) f o r  a t  l e a s t  6 h o u r s  a t  a 
t i m e  was r e p e a t e d  t h r e e  t i m e s ,  b e f o r e  t h e  r e m a i n i n g  d e s a l t e d  
s o l u t i o n  was f r e e z e  d r i e d .  The r e m a i n i n g  s o l i d  was a s s a y e d  f o r  GGT 
a c t i v i t y  and t h e  m o l e c u l a r  w e i g h t s  o f  t h e  s u b u n i t s  w e re  d e t e r m i n e d  
by g e l  e l e c t r o p h o r e s i s ,  as d e s c r i b e d  l a t e r  i n  S e c t i o n  7 . 5 . 4 . 4 .
7 . 5 . 4 . 2  D e g l y c o s y l a t i o n  o f  GGT v i a  TFMS M e th o d ^ 2 4 , 2 2 5
A m i x t u r e  o f  a n i s o l e  ( 3 0 0 p l )  and t r i f 1u o r o m e t h a n e s u l f o n i c  a c i d  
(TFMS) ( eO O p l ) ,  was c o o l e d  t o  O 'C .  S o l i d  GGT ( 5mg b o v i n e  k i d n e y ,  
4 0 u n i t s )  was t h e n  added and d i s s o l v e d  w i t h  s t i r r i n g .  S t i r r i n g  a t  
25"C was m a i n t a i n e d  f o r  a f u r t h e r  90 m i n u t e s .  The d e g l y c o s y l a t e d  
enzyme s o l u t i o n  was w o rk e d  up as f o l l o w s .  D i e t h y l  e t h e r  ( 2 . 5 m l ,  
s o d iu m  d r i e d )  was added and t h e  s o l u t i o n  was c o o l e d  t o  - 4 0 ° C  
( a c e t o n e - d r y  i c e ) .  P y r i d i n i u m  s a l t s  o f  t h e  p r o t e i n  we re
p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  aqueous  p y r i d i n e  ( 3 m l ,  50% v / v ) ;
t h e s e  s a l t s  w e re  t h e n  r e d i s s o l v e d  by v o r t e x i n g  t h e  s o l u t i o n .  The
e t h e r  l a y e r  was removed and t h e  aqueous  s o l u t i o n  was r e p e a t e d l y
washed w i t h  e t h e r .  The r e m a i n i n g  aqueous  s o l u t i o n  was d i a l y s e d
a g a i n s t  a s o l u t i o n  o f  p y r i d i n e  a c e t a t e  (2mM, pH 5 . 5 )  f o r  48 h o u r s ,  
b e f o r e  b e i n g  a p p l i e d  t o  a Sephadex G-100 c o lu m n  e q u i l i b r a t e d  w i t h
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p y r i d i n e  a c e t a t e  b u f f e r  ( 0 .1 M ,  pH 5 . 5 ) .  F r a c t i o n s  ( 3 . 5 m l )  were  
c o l l e c t e d  and a s s a y e d  f o r  p r o t e i n  c o n t e n t .  The c o r r e c t  f r a c t i o n s  
we re  p o o l e d ,  c o n c e n t r a t e d ,  d i a l y s e d  and l y o p h i l i z e d .  The r e m a i n i n g  
s o l i d  was a s s a y e d  f o r  GGT a c t i v i t y  and t h e  m o l e c u l a r  w e i g h t s  o f  t h e  
s u b u n i t s  we re  d e t e r m i n e d  by g e l  e l e c t r o p h o r e s i s ,  as  d e s c r i b e d  i n  
S e c t i o n  7 . 5 . 4 . 4 .
7 . 5 . 4 . 3  I s o l a t i o n  and P u r i f i c a t i o n  o f  GGT f r o m  C a c o -2  c e l l s .
S e v e r a l  f l a s k s  (225  cmP) we re  seeded w i t h  C a c o -2  c e l l s  a t
1.5x10® c e l l s  p e r  f l a s k  and m a i n t a i n e d  as d e s c r i b e d  i n  c h a p t e r  6 
f o r  15 d a y s .  The f l a s k s  w e re  e m p t i e d  o f  m e d ia  and washed w i t h  PBS 
(2  X 2 5 m l ) .
7 . 5 . 4 . 3 a  I s o l a t i o n :  T r i t o n  P r e p a r a t i o n
A p o r t i o n  ( 2 5 m l )  o f  a s o l u t i o n  o f  1% T r i t o n  X -1 0 0  and 0 ,15M  NaCl i n  
a T r i s - H C l  ( 0 .0 1 M ,  pH 8 . 0 ) ) ,  was added t o  a washed f l a s k  o f  c e l l s ,  
w h ic h  was t h e n  a g i t a t e d  s l o w l y  f o r  24 h o u r s  a t  37°C .  The s o l u t i o n  
o b t a i n e d  was t h e n  c e n t r i f u g e d  a t  1 5 ,000 g  f o r  1 h o u r .  The c l e a r  
s u p e r n a t a n t  s o l u t i o n  was t h e n  added s l o w l y  w i t h  s t i r r i n g  t o  a c e t o n e  
( 5 0 0 m l )  p r e c o o l e d  w i t h  d r y  i c e .  The a c e t o n e  s o l u t i o n  was 
c e n t r i f u g e d  a t  8 , 0 0 0 g  f o r  15 m in u t e s  and t h e  s u p e r n a t a n t  was 
d e c a n te d  o f f  and d i s c a r d e d .  The r e s i d u a l  p e l l e t  was h o m o g e n is e d  i n  
a c e t o n e  and c e n t r i f u g i n g  was r e p e a t e d .  The T r i t o n  f r e e  p e l l e t ,  
c o n t a i n i n g  p r o t e i n  was h o m o g en is e d  i n  T r i s . HCl b u f f e r  ( lOmM, pH 8) 
and f r e e z e  d r i e d .  The r e s i d u e  was t h e n  r e d i s s o l v e d  i n  T r i s . HCl 
b u f f e r  as b e f o r e .  The p r o t e i n  s o l u t i o n  was d i a l y s e d  (2  x 24 h o u r s )  
a g a i n s t  T r i s . HCl (5mM, pH 7 . 4 )  b e f o r e  b e i n g  p u r i f i e d  by  Sephadex 
G-100 and DEAE c o lu m n s  as d e s c r i b e d  i n  S e c t i o n  7 . 5 . 4 . 3 c .
7 . 5 . 4 . 3 b  I s o l a t i o n :  P a p a in  P r e p a r a t i o n
An a c t i v a t e d  p a p a in  s o l u t i o n  ( 2 5 m l ,  12 .5  u n i t s  o f  p a p a i n  t o g e t h e r  
w i t h  c y s t e i n e ,  (10mM) i n  T r i s . HCl (50mM, pH 8 . 0 ) ) ,  was added  t o  
washed c e l l s  i n  a f l a s k ,  and a g i t a t e d  g e n t l y  f o r  2 h o u r s  a t  37°C.
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The r e a c t i o n  was quenched  by t h e  a d d i t i o n  o f  1 ml o f  t r i c h l o r o a c e t i c  
a c i d  (10% ) .  The s o l u t i o n  was t h e n  c e n t r i f u g e d  a t  1 5 ,0 0 0 g  f o r  30 
m i n u t e s .  The c l e a r  s u p e r n a t a n t  was c a r e f u l l y  removed and ammonium 
s u l p h a t e  ( 2 0 g )  was added t o  t h e  s u p e r n a t a n t  ( u n t i l  80-90% 
s a t u r a t i o n ) .  The m i x t u r e  was l e f t  o v e r n i g h t  i n  a r e f r i g e r a t o r .  I t  
was t h e n  c e n t r i f u g e d  a t  1 0 ,0 0 0 g  f o r  30 m i n u t e s ,  a f t e r  w h i c h  t h e  
s u p e r n a t a n t  was d i s c a r d e d  and t h e  was s o l i d  r e d i s s o l v e d  i n  T r i s . HCl 
( lOmM, pH 8 . 0 ) .  The r e s u l t i n g  p r o t e i n  s o l u t i o n  was d i a l y s e d  (2  x 24 
h o u r s )  a g a i n s t  T r i s . H C l  (5mM, pH 7 . 4 ) .  The d e s a l t e d  p r o t e i n  
s o l u t i o n  was l y o p h i l i s e d ,  r e d i s s o l v e d  i n  T r i s . HCl ( 6 ~ 1 0 m l ,  5mM, pH
7 . 4 )  and p u r i f i e d  i n  t h e  same manner  as t h e  T r i t o n  p r e p a r a t i o n .
7 . 5 . 4 . 3 c  P u r i f i c a t i o n
A Sephadex G-100 co lum n  (37  x  2 .5 c m )  was e q u i l i b r a t e d  w i t h  T r i s . HCl
(50mM, pH 7 . 4 ) ,  b e f o r e  t h e  p r o t e i n  s o l u t i o n  ( 5 - 1 0 m l )  was a p p l i e d .
B u f f e r  was passed  t h r o u g h  t h e  co lum n  a t  a r a t e  o f  0 . 2 5 m l / m i n  and 
2 .5 m l  f r a c t i o n s  w e re  c o l l e c t e d .  The f r a c t i o n s  w e re  a n a l y s e d  f o r  
enzyme a c t i v i t y  and p r o t e i n  c o n t e n t  as d e s c r i b e d  i n  7 . 5 . 4 . 3 d  & e.  
The f r a c t i o n s  c o n t a i n i n g  t h e  enzyme a c t i v i t y  w e re  p o o l e d ,  
l y o p h i l i s e d ,  and t h e  r e d i s s o l v e d  i n  a s o l u t i o n  o f  T r i s . H C l ,  50mM, 
pH 7 . 4 .  T h i s  s o l u t i o n  was d i a l y s e d  a g a i n s t  T r i s . HCl (5mM, pH 7 . 4 ) ,  
a p p l i e d  t o  a D E A E - c e l1u l o s e  co lum n  (20  x 2cm ) ,  w h i c h  had p r e v i o u s l y  
been p r e a c t i v a t e d  and e q u i l i b r a t e d  w i t h  T r i s . HCl (10mM, pH 7 . 4 ) .  
The sam p le  was e l u t e d  by p a s s i n g  a b u f f e r  s o l u t i o n  down t h e  c o lu m n ,  
( T r i s . HCl (lOmM, pH 7 . 4 ) )  w i t h  a l i n e a r  g r a d i e n t  o f  NaCl (50-300mM 
f r o m  f r a c t i o n s  15 t o  5 5 )  a t  0 . 3 m l / m i n .  F r a c t i o n s  ( 1 . 5 m l )  were
c o l l e c t e d  and a n a l y s e d  f o r  enzyme a c t i v i t y  and p r o t e i n  as w i l l  be
d e s c r i b e d  i n  S e c t i o n s  7 . 5 . 4 . 3 d  & e .
7 . 5 . 4 . 3 d  Enzyme Assay
The GGT enzyme a s s a y  was c a r r i e d  o u t  i n  9 6 - w e l l  p l a t e s .
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S u b sam p le s  ( l O O p l )  f r o m  t h e  f r a c t i o n s  we re  added t o  w e l l s  
c o n t a i n i n g  g l y c y l g l y c i n e  ( l O O p l ,  lOOmM) and G-p-NA ( l O O p l ,  3 .5m M).  
The a b s o r b a n c e  a t  410nm was m o n i t o r e d  a g a i n s t  a r e f e r e n c e  a t  490nm. 
7 . 6 . 4 , 3e Low ry  P r o t e i n  A s s a y zss
S u bsam p le s  ( 0 . 5 m l )  we re  added  t o  2 .5 m l  o f  a s o l u t i o n  c o n t a i n i n g  
t h e  f o l l o w i n g ;  (2% o f  an aqueous  s o l u t i o n  o f  CUSO4 . 5 H2 O 
( 0 .0 2 1 M )  and s o d iu m  c i t r a t e  ( 0 . 0 5 2 M ) ;  98% o f  an aqueous  s o l u t i o n  o f  
NaOH ( 0 .1 M )  and s o d iu m  c a r b o n a t e  ( 0 . 1 9 M ) ) .  The t o t a l  m i x t u r e  
( 3 m l )  was i n c u b a t e d  a t  2 5 *C f o r  10 m i n u t e s  , 0 . 5 m l  o f  a
f o l i n - C i o c a l t e u ' s  p h e n o l  s o l u t i o n  (50% w a t e r ) ,  was added and 
t h e  m i x t u r e  was i n c u b a t e d  a t  2 5 “ C f o r  20 -30  m i n u t e s .  The a b s o r b a n c e  
a t  750nm was r e l a t e d  t o  t h e  p r o t e i n  c o n c e n t r a t i o n .  A c o n c e n t r a t i o n  
c u r v e  was c o n s t r u c t e d  b e tw e e n  0 - 9 0 p g / m l , u s i n g  BSA p r o t e i n .
F i g u r e  7 . 1 2 :  C a l i b r a t i o n  C u rv e  f o r  Lowry  P r o t e i n  Assay
U)
CO<
0 . 3 -
0.2 -
0.0 10080604 0200
P r o t e i n  (pg  m l - i )
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7 . 5 . 4 . 4  Gel E l e c t r o p h o r e s i s 6 
7 . 5 . 4 . 4 a  P r e p a r a t i o n  o f  G e ls
The l o w e r  g e l s  we re  p r e p a r e d  by m i x i n g  s o d iu m  d o d e c y l  s u l p h a t e  
(SDS) ( 0 . 3 m l ,  10%), l o w e r  g e l  b u f f e r  ( 7 . 5 m l ,  T r i s . HCl ( 1 .5 M ,  pH
8 . 8 ) ) ,  a c r y l a m i d e  s o l u t i o n  1 3 . 5 m l -  10% g e l  o r  1 0 . 1 m l -  7.5% g e l ,
( s t o c k  s o l u t i o n  o f  a c r y l a m i d e  ( 2 2 . 2g )  and N , N ' - m e t h y l e n e  
b i s a c r y l a m i d e  (MBA) ( 0 . 6 g )  d i s s o l v e d  i n  w a t e r  ( 1 0 0 m l ) ) .  The t o t a l  
m i x t u r e  was made up t o  30ml w i t h  w a t e r ,  b e f o r e  t h e  s o l u t i o n  was 
d e a e r a t e d  f o r  a m i n u t e .  T e t r a m e t h y l e n e d i a m i n e  (TEMED) ( 3 0 p l )  and a 
f r e s h l y  p r e p a r e d  s o l u t i o n  o f  ammonium p e r s u l p h a t e  ( 3 0 0 p l ,  30mg)
were  added and t h e  s o l u t i o n  was d e a e r a t e d  f o r  a f u r t h e r  m i n u t e .  
The g e l  was i m m e d i a t e l y  p o u re d  be tween  t h e  p l a t e s  t r y i n g  t o  a v o i d  
a i r  b u b b l e s ,  and a l l o w e d  t o  s e t  f o r  h a l f  an h o u r .
The u p p e r  g e l  c o n s i s t i n g  o f  w a t e r  ( 6 m l ) ,  u p p e r  g e l  b u f f e r  ( 2 . 5 m l ,  
T r i s . HCl (0 .5 M ,  pH 6 . 8 ) ) ,  a r y l a m i d e  s o l u t i o n  ( 1 . 3 5 m l  o f  s t o c k  
s o l u t i o n )  and SDS ( l O O p l ,  10%). As f o r  t h e  l o w e r  g e l ,  t h e  m i x t u r e  
was d e a e r a t e d ,  TEMED ( l O p l )  and f r e s h  ammonium p e r s u l p h a t e  s o l u t i o n  
( l O O p l ,  10mg) we re  add ed ,  and t h e n  i t  was p o u re d  c a r e f u l l y  on t o p  
o f  t h e  l o w e r  g e l .  The s a m p le  w e l l  t e m p l a t e  was i n s e r t e d  i n t o  t h e  
t o p  o f  t h e  g e l .  A f t e r  t h e  g e l  had s e t  t h e  t e m p l a t e  was removed and 
t h e  w e l l s  washed w i t h  r e s e r v o i r  b u f f e r  ( T r i s . HCl ( 6 g ) ,  g l y c i n e  
( 2 8 . 8g )  and SDS ( 1 g )  i n  a t o t a l  o f  1 l i t r e ) .  The r e s e r v o i r  was t h e n  
f i t t e d  and f i l l e d  Samples  ( 3 0 p l )  we re  added t o  t h e  w e l l s ,  and a 
d i r e c t  v o l t a g e  (40V ,  14mA) was a p p l i e d  u n t i l  t h e  s a m p le s  had
t r a v e l l e d  a t  l e a s t  90% o f  t h e  a v a i l a b l e  d i s t a n c e .
The p l a t e s  we re  c a r e f u l l y  s e p a r a t e d  and t h e  g e l  p l a c e d  i n t o  t h e  
s t a i n i n g  s o l u t i o n  (C o o m a s s ie  b r i l l i a n t  b l u e  ( 1 . 2 5 g )  i n  m e th a n o l  
( 2 2 7 m l ) ,  g l a c i a l  a c e t i c  a c i d  ( 4 6 m l )  made up t o  1 l i t r e  w i t h  
w a t e r ) .  A f t e r  a g i t a t i o n  f o r  8 - 1 2  h o u r s ,  t h e  s t a i n i n g  s o l u t i o n  was 
removed and t h e  d e s t a i n i n g  s o l u t i o n  was added ( m e t h a n o l  ( 5 0 m l ) ,
2 5 7 -
ISOLATION & STRUCTURE
g l a c i a l  a c e t i c  a c i d  ( 7 5 m l ) ,  and made up t o  1 l i t r e  w i t h  w a t e r ) .  
A g i t a t i o n  was m a i n t a i n e d  f o r  a f u r t h e r  12 h o u r s  t o  remove t h e  
e x c e s s  s t a i n .
7 . 5 . 4 . 4 b  Sample  P r e p a r a t i o n
A m i x t u r e  ( 1 m l )  o f  1 p a r t  o f  t h e  p r o t e i n  s o l u t i o n  (2 -3m g  o f
p r o t e i n  i n  PBS ( 0 .0 1 M ,  pH 8 . 0 )  and 9 p a r t s  PBS b u f f e r  c o n t a i n i n g
SDS (1%) and 2 - m e r c a p t o e t h a n o l  (1%) was h e a t e d  a t  9 5 °C f o r  5 
m i n u t e s  and a l l o w e d  t o  c o o l  t o  RT. A p o r t i o n  ( l O O p l )  o f  t h i s  
s o l u t i o n  was added t o  5 0 p l  o f  a m i x t u r e  o f  g l y c e r o l  and b ro m ophe no l  
b l u e  ( 1 : 1 ) .  Samples ( 3 0 p l )  o f  t h i s  m i x t u r e  w e re  a p p l i e d  t o  t h e  
s a m p le  w e l l s  i n  t h e  t o p  o f  t h e  g e l s  j u s t  p r i o r  t o  a p p l y i n g  t h e  
e l e c t r i c a l  c u r r e n t  as d e s r i b e d  p r e v i o u s l y  i n  S e c t i o n  7 . 5 . 4 . 4 a .
7 . 5 . 4 . 5  S e p a r a t i o n  o f  S u b u n i t s ^
7 . 5 . 4 . 5 a  S e p a r a t i o n  o f  S u b u n i t s
A s o l u t i o n  o f  GGT ( 2 5 m l ,  9 .1m g ,  7 5 u n i t s )  i n  T r i s . HCl (25mM, pH
7 . 5 )  was t h o r o u g h l y  m ix e d  w i t h  a e r o s o l  OT (ACT) ( 2 5 m l ,  0 .1M i n
o c t a n e ) .  A f t e r  30 m in u t e s  a t  25°C ,  t h e  s o l u t i o n  was c e n t r i f u g e d  a t  
3 0 , 0 0 0 g  f o r  40 m i n u t e s .
The tw o  pha s es  were  s e p a r a t e d ,  and t h e  aqueous  l a y e r  ( c o n t a i n i n g  
t h e  l i g h t  s u b u n i t )  was d i a l y s e d  a g a i n s t  T r i s . HCl (5mM, pH 7 . 4 )  f o r
24 h o u r s ,  b e f o r e  b e i n g  l y o p h i l i s e d .  The r e m a i n i n g  s o l i d  was
r e d i s s o l v e d  i n  T r i s . HCl ( 1 0 m l ,  lOmM, pH 7 . 4 )  and a p p l i e d  t o  a 
Sephadex  G-100 co lumn e q u i l i b r a t e d  w i t h  T r i s . HCl ( 0 .0 5 M  pH 7 . 4 ) .  
The f r a c t i o n s  ( 2 . 5 m l )  were  a s s a y e d  f o r  enzyme a c t i v i t y  and p r o t e i n  
as d e s c r i b e d  i n  S e c t i o n s  7 . 5 . 4 . 3 d  & e .  The c o r r e c t  f r a c t i o n s  we re  
p o o l e d  and l y o p h i l i s e d  b e f o r e  t h e  s o l i d  was used  f o r  v a r i o u s  a s s a y s  
as d e s r i b e d  i n  S e c t i o n s  7 . 5 . 4 . 4 ,  7 . 5 . 4 . 5 b ,  c & d .
The o r g a n i c  l a y e r  ( c o n t a i n i n g  t h e  heavy  s u b u n i t )  was e v a p o r a t e d  and 
t h e  r e s i d u e  s o l i d  was t a k e n  up i n  T r i s . HCl (50mM, pH 7 . 4 ,  1% SDS).  
The s o l u t i o n  was a p p l i e d  t o  a Sephadex G-100  co lum n  as d e s c r i b e d
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f o r  t h e  aqueous  l a y e r .  The s o l i d  r e c o v e r e d  f r o m  t h e  l y o p h i l i s e d ,  
p o o l e d  f r a c t i o n s  w e re  ass a y e d  as  d e s c r i b e d  i n  7 . 5 . 4 . 4  & 7 . 5 . 4 . 5 b .
7 . 5 . 4 . 5 b  Enzyme A c t i v i t y  i n  t h e  S e p a r a t e d  S u b u n i t s
The s e p a r a t e d  s u b u n i t s  ( l O O p l ) ,  G-p-NA ( 1 0 0 p l ,  3.5mM) and
g l y c y l g l y c i n e  ( l O O p l ,  lOOmM) w e re  m ix e d  t o g e t h e r ,  m a k in g  t h e  t o t a l  
a s s a y  v o lu m e  SO O p l . The r a t e  o f  change  o f  a b s o rb a n c e  a t  410nm was 
m easu red  o v e r  a p e r i o d  o f  60 m i n u t e s .
7 . 5 . 4 . 5 c  Enzyme A c t i v i t y  o f  t h e  L i g h t  S u b u n i t  i n  t h e  P r e s e n c e  o f
V a r i o u s  A c c e p t o r s
The s e p a r a t e d  l i g h t  s u b u n i t  ( l O O p l ) ,  G -p-NA ( 1 0 0 p l ,  3.5mM) and
a c c e p t o r  ( l O O p l ,  lOOmM) w e re  m ix e d  t o g e t h e r ,  m ak ing  t h e  t o t a l  a s s a y
v o lu m e  3 0 0 p l .  The r a t e  o f  change  o f  a b s o r b a n c e  a t  410nm was
m easu red  o v e r  a p e r i o d  o f  60 m i n u t e s .
7 . 5 . 4 . 5 d  Enzyme A c t i v i t y  o f  t h e  L i g h t  S u b u n i t  a t  V a r i o u s  pHs
S o l u t i o n s  o f  t h e  l i g h t  s u b u n i t  ( l O O p l )  and G-p-NA ( 1 0 0 p l ,  3.5mM)
w e re  m ix e d  and t h e  pH was a d j u s t e d  as r e q u i r e d .  PBS was added t o  
make t h e  t o t a l  a s s a y  v o lu m e  3 0 0 p l . The pH was m easured  and t h e  
i n i t i a l  r a t e  o f  change  o f  a b s o r b a n c e  a t  410nm was measured  o v e r  a 
p e r i o d  o f  60 m i n u t e s .
7 . 5 . 4 . 6  C i r c u l a r  D i c h r o i s m  (CD) M easu rem en ts
The CD a n a l y s i s  o f  GGT was k i n d l y  c a r r i e d  o u t  by D r .  I a n  Sumner 
o f  MAFF L a b o r a t o r y  R e a d in g .  F a r -U V  CD S p e c t r a  ( 1 9 0 -2 4 0 n m )  were  
m easu red  u s i n g  a J o b i n  Yvon d i c r o g r a p h  w i t h  d a t a  c o l l e c t i o n  and 
a n a l y s i s  b e i n g  p e r f o r m e d  by an IBM c o m p u t e r  u s i n g  D ic h o g r a p h  
s o f t w a r e  and t h e  CONTIN a n a l y s i s  p rog ram me.
GGT ( a p p r o x  1 . 3mg m l " " * )  was d i a l y s e d  i n t o  lOmM PBS and f i l t e r e d  
( 0 .2 p m )  i n t o  a 0 . 0 5  mm p a t h  l e n g t h  q u a r t z  c y l i n d r i c a l  CD c u r v e t t e .  
P r e s e n t e d  r e s u l t s  a r e  a v e r a g e s  o f  6 s c a n s  r e c o r d e d  a t  0.2mm 
i n t e r v a l s  (b a n d  p a s s  2nm) w i t h  an i n t e g r a t i o n  t i m e  o f  5 s e c o n d s  p e r  
i n t e r v a l ,  b u f f e r  b a c k g ro u n d  h a v i n g  been s u b t r a c t e d .
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DISCUSSION
The a im s  o f  t h i s  t h e s i s  w e re  m a i n l y  t h r e e - f o l d ;
1)  To s t u d y  f u r t h e r  t h e  c a t a l y t i c  a c t i o n  o f  GGT, e s p e c i a l l y  t o  g a i n  
i n f o r m a t i o n  a b o u t  t h e  a c t i v e  s i t e .
2 )  To i s o l a t e  and c h a r a c t e r i s e  GGT i s o l a t e d  f r o m  C a co -2  c e l l s  and 
com pare  i t  w i t h  GGT f r o m  s o u r c e s .
3 )  To use t h e  C a c o -2  c e l l  m o n o l a y e r s  t o  s t u d y  t h e  t r a n s p o r t  o f  
am ino  a c i d s  and d i p e p t i d e s  and t e s t  f o r  t h e  i n v o l v e m e n t  o f  GGT i n  
t h i s  t r a n s l o c a t i o n  p r o c e s s .
The f o l l o w i n g  d i s c u s s i o n  d e a l s  w i t h  each  o f  t h e s e  o b j e c t i v e s  and 
o u t l i n e s  m os t  o f  t h e  w o rk  c a r r i e d  o u t  i n  t h i s  s t u d y ,  and i t s  
c o n t r i b u t i o n  t o  t h e  b e t t e r  u n d e r s t a n d i n g  t h e  enzyme g a m m a -g lu ta m y l  
t r a n s p e p t i d a s e  and i t s  b i o l o g i c a l  r o l e .
8 .1  C a t a l y t i c  A c t i o n  o f  GGT and D e t a i l e d  S t u d y  o f  t h e  A c t i v e  S i t e  
A n a l y s i s  o f  t h e  p r o d u c t s  o b t a i n e d  f r o m  t h e  c a t a l y t i c  a c t i o n  o f  
GGT ( C h a p t e r  3 ) ,  w i t h  a g a m m a -g lu ta m y l  d o n o r  and an a c c e p t o r ,  shows 
t h e  p r e s e n c e  o f  t h r e e  c o n c u r r e n t  r e a c t i o n s .  These  a r e  h y d r o l y s i s ,  
t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n .  These i n v o l v e  
r e s p e c t i v e l y  t h e  g a m m a -g lu ta m y l  m o i e t y  b e i n g  t r a n s f e r e d  t o  a w a t e r  
m o l e c u l e ,  an am ino  a c i d  o r  d i p e p t i d e ,  o r  t o  a n o t h e r  m o l e c u l e  o f  t h e  
d o n o r  b e h a v in g  as an a c c e p t o r .
From t h e  s t u d i e s  c a r r i e d  o u t  i n  t h i s  t h e s i s ,  t h e  r e l a t i v e  
i m p o r t a n c e  o f  t h e s e  c o m p e t i n g  p r o c e s s e s ,  i s  d e p e n d e n t  upon s e v e r a l  
c r i  t e r i  a : -
1)  The c o n c e n t r a t i o n  o f  t h e  d o n o r  ( C h a p t e r  3 ) ;  The 
a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  i n c r e a s e s  s i g n i f i c a n t l y  a t  h i g h  
c o n c e n t r a t i o n s  o f  t h e  d o n o r ,  e s p e c i a l l y  i n  t h e  abse nce  o f  an added 
a c c e p t o r .  T h i s  i s  e s p e c i a l l y  so o f  weak d o n o r s  such  as g l u t a m i n e  
w h i c h  can a l s o  a c t  as m o d e r a t e  a c c e p t o r s .
2)  The c o n c e n t r a t i o n  and a c c e p t i n g  a b i l i t y  o f  t h e  a c c e p t o r
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( C h a p t e r  4 ) :  The t r a n s p e p t i d a t i o n  r e a c t i o n  i n c r e a s e s ,  as t h e
c o n c e n t r a t i o n  o f  t h e  a c c e p t o r  i n c r e a s e s  up t o  a s a t u r a t i o n  p o i n t  
( V ma x ) .  The a c c e p t i n g  c a p a b i l i t y  o f  t h e  a c c e p t o r  a l s o  a f f e c t s  t h e  
r a t e  o f  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  and as t h e  t r a n s p e p t i d a t i o n  
r e a c t i o n  i n c r e a s e s  t h e  a u t o t r a n s p e p t i d a t i o n  d e c r e a s e s .
3 )  The pH o f  t h e  s o l u t i o n  ( C h a p t e r  3 & 4 ) :  The 3 d i f f e r e n t
r e a c t i o n s  have  s e p a r a t e  pH p r o f i l e s ,  w h ic h  when s u p e r im p o s e d  a r e  
t h e  o v e r a l l  pH p r o f i l e .  The r a t i o  o f  r a t e s  o f  t h e  t h r e e  r e a c t i o n s  
i s  d e p e n d e n t  upon t h e  pH o f  t h e  s o l u t i o n .  The pH p r o f i l e s  o f  t h e  
v a r i o u s  a c c e p t o r s  ( C h a p t e r  4 )  a l s o  i n d i c a t e  t h i s ,  as t h e y  a r e  a l l  
s t u d i e d  a t  a c o n c e n t r a t i o n  w h e re  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  i s  
a t  a maximum ( V ma x ) .  The p o s i t i o n  o f  pH maximum o f  t h e  
t r a n s p e p t i d a t i o n  r e a c t i o n  i s  a f f e c t e d  by t h e  pK o f  t h e  a - a m in o  
g r o u p  o f  t h e  a c c e p t o r .  The p o s i t i o n  o f  t h e  pH maximum o f  t h e  
a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  i s  a f f e c t e d  by t h e  pK o f  t h e  a - a m in o  
g r o u p  o f  t h e  g a m m a -g lu ta m y l  d o n o r  a c t i n g  as an a c c e p t o r .
F u r t h e r  a n a l y s i s  o f  t h e  i s o l a t e d  p r o d u c t s  o f  t r a n s p e p t i d a t i o n  and 
a u t o t r a n s p e p t i d a t i o n  ( C h a p t e r  3 )  r e v e a l e d  t h a t  a l l  o f  t h e s e  
p r o d u c t s  c o u l d  behave  as g a m m a -g lu ta m y l  d o n o r s .  The c o n s e q u e n c e s  o f  
t h i s  a r e  t h a t  t h e  p r o d u c t s  com pe te  w i t h  t h e  o r i g i n a l  d o n o r  f o r  t h e  
g a m m a -g lu ta m y l  b i n d i n g  s i t e .  T h i s  s l o w s  down t h e  h y d r o l y s i s  o f  t h e  
o r i g i n a l  d o n o r  as w e l l  as  c o m p l i c a t i n g  t h e  k i n e t i c s  ( A p p e n d i x  2 ) .  
A l l  o f  t h e  p r e c e d i n g  f i n d i n g s  i n  t h i s  w o rk  c o n s o l i d a t e  and e x t e n d  
t h e  c u r r e n t  u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p s  b e tw e en  t h e  t h r e e  
r e a c t i o n s .
A l l  o f  t h e s e  r e a c t i o n s  o c c u r  v i a  a key i n t e r m e d i a t e ,  t h i s  b e i n g  
h y p o t h e s i s e d  by s e v e r a l  w o r k e r s ® 3 ,9 4  t o  be a c o v a l e n t l y  bound 
g a m m a -g lu ta m y l - e n z y m e  c o u p l i n g  i n v o l v i n g  an 0 - e t h e r  l i n k a g e  be tw een  
t h e  gam m a-ca rbon  and an h y d r o x y l  s i d e  c h a i n  f r o m  e i t h e r  a s e r i n e  o r  
t h r e o n i n e  r e s i d u e  i n  t h e  enzym e.  E v id e n c e  f o r  t h i s  h y p o t h e s i s  comes
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f r o m  t h e  r e s u l t s  o b t a i n e d  w i t h  i r r e v e r s i b l e  i n h i b i t o r s  s uch  as DON 
and a z a s e r i n e  ( b o t h  g l u t a m i n e  a n t a g o n i s t s ) ,  w h i c h  b i n d  t o  t h e  
a c t i v e  s i t e  i n  a s i m i l a r  m anne r  t o  t h e  g a m m a -g lu ta m y l  m o i e t y  as  t h e  
enzyme i n t e r m e d i a t e  ( C h a p t e r  5 ) .  T h e re  i s  no e v i d e n c e  t o  s u g g e s t  
t h a t  t h e  g a m m a -g lu ta m y l  i n t e r m e d i a t e  i s  o f  a c y c l i c  n a t u r e ,  i e :  
s i m i l a r  t o  p y r o g l u t a m i c  a c i d  ( 5 - o x o - p r o l i n e ) , w h i c h  may be h e l d  by 
t h e  enzyme t h r o u g h  weak non c o v a l e n t  i n t e r a c t i o n s  ( C h a p t e r  4 ) .
I t  has p r e v i o u s l y  been d e m o n s t r a t e d  t h a t  t h e  enzyme mechan ism 
i n v o l v e s  t h e  b i n d i n g  o f  a g a m m a -g lu ta m y l  d o n o r  t o  t h e  enzyme and 
s u b s e q u e n t  f o r m a t i o n  o f  t h e  g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  
H y d r o l y s i s  o f  t h i s  i n t e r m e d i a t e  by an i n c o m in g  a c c e p t o r ,  f o r m i n g  a 
g a m m a - g l u t a m y l - a c c e p t o r  i s  c o n s i s t e n t  w i t h  a p i n g - p o n g  r e a c t i o n  
m echan ism .  Work c a r r i e d  o u t  i n  t h i s  t h e s i s  ( C h a p t e r  3 )  i n  t h e  f o r m  
o f  L i n e w e a v e r - B u r k  p l o t s  c o n f i r m  t h e  e x i s t e n c e  o f  a p i n g - p o n g  
mechan i  sm.
One may s p e c u l a t e  t h a t  t h e  b i n d i n g  o f  t h e  g a m m a -g lu ta m y l  d o n o r  
t o  t h e  enzyme,  i n d u c e s  a c o n f o r m a t i o n a l  change  i n  t h e  enzyme,  w h ic h  
c l e a v e s  t h e  d o n o r  and f o r m s  t h e  g a m m a -g lu ta m y l -e n z y m e  i n t e r m e d i a t e .  
The a c c e p t o r  t h e n  b i n d s  and a t t a c k s  t h i s  i n t e r m e d i a t e ,  r e l e a s i n g  a 
g a m m a - g l u t a m y l - a c c e p t o r  and t h e  enzyme r e v e r t s  t o  i t s  o r i g i n a l  
c o n f o r m a t i o n ,  r e a d y  t o  b i n d  t h e  n e x t  g a m m a -g lu ta m y l  d o n o r .  The r a t e  
l i m i t i n g  s t e p  o f  t h i s  p i n g - p o n g  mechan ism,  m us t  be t h e  second  
s t a g e ,  i e :  t h e  u t i l i s a t i o n  o f  t h e  g a m m a -g lu ta m y l  i n t e r m e d i a t e .  T h i s  
i s  c l e a r l y  d e m o n s t r a t e d  w i t h  t h e  use o f  a v a r i e t y  o f  a c c e p t o r s  
( C h a p t e r  4 ) ,  w h i c h  can  d r a m a t i c a l l y  a f f e c t  t h e  r a t e  o f  u t i l i s a t i o n  
o f  a d o n o r .  The r a t e  o f  f o r m a t i o n  o f  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e  i s  i n d e p e n d e n t  o f  t h e  g a m m a -g lu ta m y l  d o n o r ,  w i t h  
r e s p e c t  t o  t h e  o v e r a l l  r a t e .  T h i s  i s  h i g h l i g h t e d  by t h e  f a c t  t h a t  
v a r i o u s  a c c e p t o r s  h a v i n g  a s i m i l a r  c a t a l y s i n g  e f f e c t  w i t h  b o t h  a 
good d o n o r  (G -p -N A )  and a p o o r  d o n o r  ( G i n ) ,  as seen i n  C h a p t e r  4 .
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The a c t i v e  s i t e  o f  GGT has been i n v e s t i g a t e d  by many w o r k e r s ,  
b u t  n o t  i n  as much d e t a i l  as i n  t h i s  s t u d y  ( C h a p t e r s  3 - 5 ) .  T o g e t h e r  
w i t h  r e s u l t s  f r o m  v a r i o u s  w o r k e r s ,  i t  i s  p r o p o s e d  t h a t  t h e r e  a r e  
d i s t i n c t  b i n d i n g  s i t e s  f o r  t h e  g a m m a -g lu ta m y l  d o n o r  and  t h e  
a c c e p t o r ,  i n  t h e  e n z y m a t i c  f o r m a t i o n  o f  a g a m m a - g l u t a m y l - a c c e p t o r .  
I n  a c c o r d a n c e  w i t h  t h e  v i e w  t h a t  g l u t a t h i o n e  i s  t h e  n a t u r a l  
s u b s t r a t e  f o r  t h i s  enzyme,  an a c t i v e  s i t e  map ( F i g u r e  8 . 1 )  ha s  been 
p o s t u l a t e d  by t h e  c o n s o l i d a t e d  f i n d i n g s  i n  t h i s  s t u d y  and o t h e r  
w o r k e r s .
F i g u r e  8 . 1 :  P ro p o s e d  A c t i v e  S i t e  o f  GGT
CHg
■ch:
CO 2
B
S IT E ;
R
CHH
3
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The g a m m a -g lu ta m y l  b i n d i n g  s i t e  has  been shown t o  be 
n o n - s t e r e o s p e c i f i c ,  by t h e  f a c t  t h a t  L - ,  D- and a - m e t h y l - g l u t a m y l  
m o i e t i e s  a r e  a b l e  t o  b i n d  and f o r m  t h e  i n t e r m e d i a t e  ( C h a p t e r
3 ) ^ 9 3 , 1 5 3  Howeve r ,  t h e  s u b s e q u e n t  r e a c t i o n s  i e :  h y d r o l y s i s ,  
t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n , a r e  a f f e c t e d  by t h e
s l i g h t l y  d i f f e r e n t  o r i e n t a t i o n  o f  t h e  s t e r e o i s o m e r s  o f  t h e  
g a m m a -g lu ta m y l  i n t e r m e d i a t e  ( d e m o n s t r a t e d  by c o m p u t e r  m o d e l l i n g  i n  
t h i s  w o rk  i n  C h a p t e r  3 ) .  T h i s  i s  a l s o  seen c l e a r l y  by t h e
c o m p a r i s o n  o f  t h e  t r a n s p e p t i d a t i o n  r e a c t i o n  as  d e s c r i b e d  i n  T a b le  
3 . 1 ,  w h e re  r e l a t i v e  r a t e s  a r e ,  L - , 100%; D - , 19%; and a - m e t h y l , 4%. 
T h i s  l a c k  o f  s t e r e o s p e c i f i c i t y  was a l s o  shown by t h e  i n v e s t i g a t i o n s  
o f  i n h i b i t o r s  o f  GGT w h i c h  b i n d  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .  
Th u s ,  D - , L -  and a - m e t h y l  s e r i n e  i n  t h e  p r e s e n c e  o f  b o r a t e  we re  
shown t o  c o m p e t i t i v e l y  i n h i b i t  w i t h  r e s p e c t  t o  t h e  g a m m a -g lu ta m y l  
d o n o r  i n  t h e  f o l l o w i n g  c o m p a r i s o n  L -  100% D- 55% and a - m e t h y l  
1 0 %.21-29  A n a lo g u e s  o f  t h e  s e r i n e - b o r a t e  c o m p le x  we re
i n v e s t i g a t e d  i n  t h i s  s t u d y  as p o s s i b l e  i n h i b i t o r s  a t  t h e
g a m m a -g lu ta m y l  b i n d i n g  s i t e .  T h i s  l e d  t o  t h e  d i s c o v e r y  t h a t  two
n o v e l  i n h i b i t o r s ,  s e r i n e - O - p h o s p h a t e  and s e r i n e  m e th y l  e s t e r  i n  t h e  
p r e s e n c e  o f  b o r a t e ,  i n h i b i t  i n  a s i m i l a r  manner  t o  t h a t  o f  t h e
s e r i n e - b o r a t e  c o m p le x .
The g a m m a -g lu ta m y l  b i n d i n g  s i t e  was d i r e c t l y  shown i n  t h i s  s t u d y  
f o r  t h e  f i r s t  t i m e ,  t o  be v e r y  s p e c i f i c  w i t h  r e s p e c t  t o  t h e
p o s i t i o n  o f  t h e  am ide bond w h i c h  i s  c l e a v e d  by t h e  enzyme ( C h a p t e r
3 ) .  I 3 - A s p a r t y  1 -p -NA  was shown n o t  t o  be h y d r o l y s e d  by GGT, w i t h  a 
s p e c i f i c i t y  g r e a t e r  t h a n  lO'* . T h i s  s i z e  r e s t r i c t i o n  was o b s e r v e d  
w i t h  c e r t a i n  i n h i b i t o r s ;  a z a s e r i n e  and d i a z o - 5 - o x o - n o r l e u c i ne w h ic h  
have been shown t o  b i n d  i r r e v e r s i b l y  ( C h a p t e r  5 ) ,  p r e s u m a b l y  by 
b i n d i n g  t o  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  t h u s  i n h i b i t i n g  t h e  
c a t a l y t i c  a c t i v i t y .  A n a lo g u e s  o f  t h e s e  GGT i n h i b i t o r s  w i t h  o n l y
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5 c a r b o n  a to m s ,  d i a z o - 5 - o x o - n o r v a 1 i n e  and i t s  c h l o r o k e t o n e  
d e r i v a t i v e ,  we re  shown by T a t e  & M e i s t e r e o  n o t  t o  i n h i b i t  GGT, 
t h u s  p a r a l l e l i n g  t h e  c o m p a r i s o n  be tw een  g a m m a -g lu ta m y l  and 
3 - a s p a r t y l  made i n  t h i s  w o rk  ( C h a p t e r  3 ) .
These  s t u d i e s  o f  v a r i o u s  p o t e n t i a l  g a m m a -g lu ta m y l  d o n o r  
a n a lo g u e s  ( C h a p t e r  3 ) ,  t h a t  t h e  g a m m a -g lu ta m y l  m o i e t y  r e q u i r e s  b o t h  
an a - a m in o  and an a - c a r b o x y l i c  a c i d  g ro u p  f o r  b i n d i n g  t o  t h e  enzyme 
and s u b s e q u e n t  f o r m a t i o n  o f  a g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e .  
These  f i n d i n g s  we re  s u p p o r t e d  by t h e  r e s u l t s  o f  o t h e r  s t u d i e s  
( C h a p t e r  4 )  on t h e  i n h i b i t i n g  e f f e c t  o f  s m a l l  am ino  a c i d s  ( w i t h  
s i d e  c h a i n s  e q u a l  t o  o r  s m a l l e r  t h a n  t h o s e  o f  t h r e o n i n e  o r  v a l i n e ) .  
These a r e  a b l e  t o  c o m p e t i t i v e l y  i n h i b i t  w i t h  r e s p e c t  t o  t h e  
g a m m a -g lu ta m y l  d o n o r  and i t s  b i n d i n g  s i t e .  H o w eve r ,  m e t h y l ,  e t h y l  
e s t e r s  and a m id e s ,  as w e l l  as N - s u b s t i t u t e d  d e r i v a t i v e s  o f  t h e  same 
s m a l l  am ino  a c i d s ,  do n o t  i n h i b i t .  T h i s  o b s e r v a t i o n  c o n f i r m s  t h e  
p r o p o s a l  t h a t  b o th  a f r e e  a - a m in o  and an a - c a r b o x y l i c  a c i d  g ro u p  
a r e  r e q u i r e d  t o  i n t e r a c t  w i t h  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  i e ;  
A and B i n  F i g u r e  8 . 1 .
The g a m m a -g lu ta m y l  b i n d i n g  s i t e  has been p o s t u l a t e d  t o  be 
s i t u a t e d  on t h e  l i g h t  s u b u n i t  o f  t h e  enzyme,  by v i r t u e  o f  l a b e l l i n g  
s t u d i e s  by o t h e r  w o r k e r s .  2 1 » 1 2  a , 2  5 ? u n t i l  now, no s t u d i e s  have 
shown t h a t  t h e  i s o l a t e d  s u b u n i t s  have any c a t a l y t i c  a c t i v i t y .  T h i s  
w o rk  ( C h a p t e r  7)  f o r  t h e  f i r s t  t i m e  d e m o n s t r a t e s  t h a t  t h e  i s o l a t e d  
l i g h t  s u b u n i t  shows 1% ( d u p l i c a t e  p r e p a r a t i o n )  o f  t h e  n a t i v e  enzyme 
a c t i v i t y .  T h i s  a c t i v i t y  was f o u n d  t o  be u n a f f e c t e d  by t h e  a d d i t i o n  
o f  known a c c e p t o r s  and c a t a l y s i n g  a g e n t s .  T h i s  e v i d e n c e  t o g e t h e r  
w i t h  t h e  absence  o f  any t r a n s p e p t i d a t i o n  and a u t o t r a n s p e p t i d a t i o n  
p r o c e s s  and t h e  pH p r o f i l e  o f  t h e  r e s i d u a l  a c t i v i t y  r e s e m b l i n g  t h a t  
o f  t h e  h y d r o l y s i s  r e a c t i o n ,  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  o n l y  t h e  
h y d r o l y s i s  r e a c t i o n ,  i e :  f o r m a t i o n  o f  g l u t a m a t e ,  i s  t a k i n g  p l a c e .
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T h i s  g i v e s  s u p p o r t i n g  e v i d e n c e  t o  t h e  h y p o t h e s i s  t h a t  t h e  a c c e p t o r  
s i t e  i s  l o c a t e d  e i t h e r  on t h e  h ea vy  s u b u n i t ,  o r  e x i s t s  i n  a c l e f t  
be tw een  t h e  tw o  s u b u n i t s . ^ o » i o e , i 2 8 , i a s  R e c o m b in in g  t h e  tw o  
s u b u n i t s  i n  t h i s  s t u d y  d i d  n o t  l e a d  t o  an i n c r e a s e  i n  a c t i v i t y  
above  t h a t  o f  t h e  i s o l a t e d  l i g h t  s u b u n i t ,  a l t h o u g h  a n o t h e r  s t u d y  
showed up t o  16% o f  t h e  n a t i v e  enzyme a c t i v i t y  upon r e c o n s t i t u t i o n  
f r o m  t h e  tw o  s u b u n i t s . i 2 8
The a c c e p t o r  s i t e  has been shown by numerous  s t u d i e s ,  and t h i s  
one ( C h a p t e r  4 )  t o  accommodate  b o t h  am ino  a c i d s  and d i p e p t i d e s  as 
a c c e p t o r s .  The o r i e n t a t i o n  o f  t h e  a - a m in o  g r o u p  i s  c r u c i a l  w i t h  
r e s p e c t  t o  t h e  a c c e p t o r  a t t a c k i n g  and c l e a v i n g  t h e  
g a m m a -g lu ta m y l - e n z y m e  i n t e r m e d i a t e  t o  f o r m  a t r a n s p e p t i d a t i o n  
p r o d u c t .  T h i s  may e x p l a i n  why o n l y  L - i s o m e r s  o f  a c c e p t o r s  ( a m in o  
a c i d s  and d i p e p t i d e s )  a r e  a b l e  t o  u n d e r g o  t r a n s p e p t i d a t i o n  ( C h a p t e r
4 ) .  S u p p le m e n ta r y  e v i d e n c e  comes f r o m  t h e  f a c t  t h a t  t h e  
a u t o t r a n s p e p t i d a t i o n  r e a c t i o n  o n l y  t a k e s  p l a c e  w i t h
L - g a m m a -g lu ta m y l  d o n o r s ,  when t h e y  behave  as a c c e p t o r s  ( C h a p t e r  3 ) .
The a c c e p t o r s ,  b o t h  am in o  a c i d s  and d i p e p t i d e s ,  m us t  c o n t a i n  a 
f r e e  a - a m in o  g r o u p  t o  u n d e r g o  t r a n s p e p t i d a t i o n ,  as N - s u b s t i t u t i o n  
such  as N - m e t h y l , N - f o r m y l  and N - a c e t y l  p r e v e n t s  t h e  f o r m a t i o n  o f  
t r a n s p e p t i d a t i o n  p r o d u c t s  ( a l t h o u g h  t h e s e  N - s u b s t i t u t e d  am ino  
a c i d s  have been shown t o  c a t a l y s e  t h e  u t i l i s a t i o n  o f  t h e  d o n o r  
( C h a p t e r  5)  t h i s  w i l l  be d i s c u s s e d  l a t e r  i n  more d e t a i l ) .  H o w eve r ,  
am ino  a c i d s  do n o t  r e q u i r e  t h e  f r e e  a - c a r b o x y l i c  a c i d  g r o u p  t o  
behave as a c c e p t o r s ,  o n l y  t h e  a - c a r b o n y l  i s  r e q u i r e d .  E v i d e n c e  f o r  
t h i s  c o n c l u s i o n  comes f r o m  t h e  t r a n s p e p t i d a t i o n  p r o d u c t s  
o f  am ino a c i d  e s t e r s  and a m ide s  ( C h a p t e r  4 ) .
Non a - a m in o  a c i d s  a r e  a l s o  a b l e  t o  a c t  as a c c e p t o r s  ( C h a p t e r  4 ) ,  
b u t  a t  a g r e a t l y  r e d u c e d  r a t e ,  i e ;  3 - a l a n i n e ,  t a u r i n e  and NH2 OH. 
The s i d e  c h a i n  o f  t h e  a m in o  a c i d  a c c e p t o r s  a l s o  a f f e c t s  t h e  r a t e  o f
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U t i l i s a t i o n  o f  t h e  d o n o r ,  i e :  t h e  t u r n o v e r  r a t e .  T h i s  r a t e
i n c r e a s e s  as t h e  l e n g t h  o f  t h e  u n b ra n c h e d  s i d e  c h a i n  i n c r e a s e s ;  i f  
t h e  s i d e  c h a i n  i s  b r a n c h e d ,  t h e  n e a r e r  t h i s  b r a n c h i n g  i s  t o  t h e  
a - c a r b o n ,  t h e  l o w e r  t h e  t u r n o v e r  r a t e .
F o r  t h e  f i r s t  t i m e ,  as a r e s u l t  o f  t h e  e x t e n s i v e  s t u d i e s  i n  t h i s  
w o r k ,  t h e  a c c e p t i n g  c a p a b i l i t y  o f  an a c c e p t o r  can  be d e f i n e d  by 
tw o  f a c t o r s .  F i r s t l y  t h e  pK o f  i t s  a - a m in o  g r o u p  i n  r e l a t i o n  t o
t h e  amoun t  o f  f r e e  base  NH2 ( c o n t r o l l e d  by  t h e  pH o f  t h e
s o l u t i o n )  a v a i l a b l e  t o  a t t a c k  t h e  g a m m a -g lu ta m y l - e n z y m e  
i n t e r m e d i a t e  ( C h a p t e r  4 ) .  S e c o n d l y  t h e  s t r u c t u r e  o f  t h e  a c c e p t o r ;  
w h e t h e r  i t  f u l f i l l s  o n l y  t h e  r e q u i r e m e n t s  o f  t h e  a c c e p t o r  s i t e
( i e :  a c t s  o n l y  as  an a c c e p t o r ) ,  o r  w h e t h e r  i t  a l s o  f u l f i l l s  t h e
r e q u i r e m e n t s  o f  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  and can t h e r e f o r e  
a l s o  a c t  as  an i n h i b i t o r .
T h e re  i s  s i g n i f i c a n t  e v i d e n c e  f r o m  t h i s  w o rk  ( C h a p t e r s  3 , 4  & 5 )  f o r  
t h e  p r e s e n c e  o f  a t h i r d  b i n d i n g  s i t e ,  w h i c h  a p p e a r s  t o  a c c o m id a t e  
m a le a t e  (a  known c a t a l y s i n g  a g e n t i 3 4 ) ,  N - a c e t y l - g l y c i ne ( a  n o v e l  
c a t a l y s i n g  a g e n t  f i r s t  r e p o r t e d  h e r e .  C h a p t e r  5 ) ,  and t h e  c a r b o x y  
t e r m i n u s  o f  a d i p e p t i d e  a c c e p t o r .  Those  a c c e p t o r s  w h i c h  a r e  u n a b le  
t o  i n t e r a c t  w i t h  t h i s  s i t e  have  a r e d u c e d  a f f i n i t y  f o r  t h e  
g a m m a -g lu ta m y l  m o i e t y .  A p r e f e r e n c e  f o r  g l y c i n e  a t  t h i s  s i t e  has 
been shown f r o m  a s e r i e s  o f  a m i n o a c y l - g l y c i n e ,  g l y c y l - a m i n o  a c i d s  
and d e r i v a t i v e s ,  based on g l y c y l g l y c i n e  t h e  b e s t  known a c c e p t o r  o f  
t h e  g a m m a -g lu ta m y l  m o i e t y . S S ' S *  A n o t h e r  i m p o r t a n t  f a c t o r  i n  t h e  
b i n d i n g  t o  t h i s  s i t e  seems t o  be t h a t  t h e  a - c a r b o x y l  a c i d  g r o u p  
m us t  be a f r e e  a c i d  o r  t h a t  t h e r e  i s  a s i z e  r e s t r i c t i o n .  Exam p les  
o f  t h i s  i n c l u d e  g l y c y l g l y c y l g l y c i ne and t h e  e s t e r s  o f  g l y c y l g l y c i ne 
( C h a p t e r  4 ) .
W i t h  r e s p e c t  t o  F i g u r e  8 . 1 ,  t h e s e  f i n d i n g s  s u p p o r t  t h e  e v i d e n c e  
f o r  some i n t e r a c t i o n  a t  t h e  a c c e p t o r  s i t e  w i t h  s i t e s  C,D and E
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T h i s  t h i r d  b i n d i n g  s i t e  a l s o  seems t o  be i m p o r t a n t  i n  t h e  
h y d r o l y s i s  o f  g a m m a -g lu ta m y l  d o n o r s ,  as  t h e r e  i s  c o o p e r a t i v e  
b e h a v i o u r  be tw een  t h e  a c c e p t o r  s i t e  and t h e  g a m m a -g lu ta m y l  b i n d i n g  
s i t e .  T h i s  s t a t e m e n t  i s  s u p p o r t e d  by e v i d e n c e  f r o m  v a r i o u s  
s e c t i o n s  o f  t h i s  s t u d y  on t h e  c a t a l y t i c  a c t i v i t y  o f  GGT ( C h a p t e r s
3 , 4  & 5 ) .  T h i s  c o o p e r a t i v e  b e h a v i o u r  p a r t l y  e x p l a i n s  why d i p e p t i d e s  
c l o s e l y  r e l a t e d  t o  g 1y c y l g l y c i n e  and a m i n o a c y l - g l y c i n e  have a much 
g r e a t e r  a f f i n i t y  t o  a c c e p t  t h e  g a m m a -g lu ta m y l  m o i e t y  t h a n  am ino  
a c i d s  and b u l k y  d i p e p t i d e s .  The s t r o n g  d o n a t i n g  a b i l i t y  o f
g l u t a t h i o n e  and G -p -N A ,  c o u l d  a l s o  be e x p l a i n e d  by them  b i n d i n g  t o  
t h e  t h i r d  s i t e ,  t h u s  p r o m o t i n g  t h e i r  own h y d r o l y s i s  and f o r m a t i o n  
o f  t h e  i n t e r m e d i a t e .  W i t h  t h e  use o f  c o m p u t e r  m o d e l l i n g  i n  t h i s  
s t u d y  ( C h a p t e r  3 ) ,  t h e  c o i n c i d e n c e  o f  t h e  c a r b o x y l i c  a c i d  g ro u p  
f r o m  t h e  g l y c i n e  r e s i d u e  o f  g l u t a t h i o n e  and t h e  n i t r o  g r o u p  o f
G -p-NA was shown.  T h i s  i n t e r a c t i o n  i s  s u p p o r t e d  by t h e  p a r a l l e l  
c o m p a r i s o n  w i t h  g a m m a - g lu t a m y l - p - a m i  no b e n z o i c  a c i d ,  and t h e  e t h y l  
e s t e r  o f  t h i s  g a m m a -g lu ta m y l  d o n o r .  The l a t t e r  i s  u n a b le  t o
i n t e r a c t  w i t h  t h i s  s i t e  i n  t h e  same manner  as t h e  e s t e r s  o f
g l y c y l g l y c i ne ( C h a p t e r  4 ) .
I t  has  been h y p o t h e s i s e d  p r e v i o u s l y  by Thompson^^4 t h a t  m a l e i c  
a c i d  b i n d s  t o  t h e  a c c e p t o r  s i t e ,  t h u s  i n h i b i t i n g  t r a n s p e p t i d a t i o n ,  
b u t  p r o m o t i n g  h y d r o l y s i s  i n  a c c o r d a n c e  w i t h  t h e  e v i d e n c e  i n  t h i s  
s t u d y  ( C h a p t e r  5 ) .  T h i s  i s  s u p p o r t i n g  e v i d e n c e  f o r  t h e  c o o p e r a t i v e  
e f f e c t  be tw e en  t h i s  s i t e  and t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e .  A l s o  
h i g h l i g h t e d  by t h e  a d d i t i o n  o f  m a l e i c  a c i d ,  c a t a l y s i n g  t h e  
i r r e v e r s i b l e  i n h i b i t i o n  a t  t h e  g a m m a -g lu ta m y l  b i n d i n g  s i t e  ( C h a p t e r
5 ) ,  as  p r e v i o u s l y  shown by T a t e  & M e i s t e r . ^ o
N - A c e t y l - g l y c i n e , f o r  t h e  f i r s t  t i m e  i n  t h i s  s t u d y ,  has been 
shown t o  behave  i n  a s i m i l a r  manner  t o  m a l e i c  a c i d  ( C h a p t e r  5 ) .  
C o m p u te r  m o d e l l i n g  shows a c l o s e  c o m p a r i s o n  o f  m a l e i c  a c i d ,
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N - a c e t y l - g 1 y c i n e  and t h e  c a r b o x y l  t e r m i n u s  o f  c y s t e i n y 1 g l y c i n e  
(mode l o f  a c c e p t o r  s i t e ) .  These  f i n d i n g s  ( C h a p t e r  5 )  may e x p l a i n  
why m a l e i c  a c i d  c o m p e t i t i v e l y  i n h i b i t s  G -p -N A ,  b u t  n o t  G in ,  as  G in  
does  n o t  i n t e r a c t  w i t h  t h e  t h i r d  b i n d i n g  s i t e .  The c a t a l y s i n g  
e f f e c t  o f  N - a c e t y l - g l y c i n e  and m a l e i c  a c i d  seems l i k e l y  t o  a r i s e  
f r o m  b i n d i n g  t o  a s p e c i f i c  s i t e ,  i e :  t h e  t h i r d  s i t e ,  w i t h
c o o p e r a t i v e  a c t i o n  be tw e en  t h e  a c c e p t o r  s i t e  and t h e  d o n o r  b i n d i n g  
s i t e .  A l t h o u g h  t h e  p o s s i b i l i t y  o f  an a l l o s t e r i c  e f f e c t  c a n n o t  be 
r u l e d  o u t .  F o r  e x a m p le ,  t h i s  may be t h e  c a s e  w i t h  c a t i o n s  ( C h a p t e r
3 ) ,  w h e re  i n c r e a s i n g  c a t i o n  c o n c e n t r a t i o n  i n c r e a s e s  t h e  enzyme 
a c t i v i t y  i n  a c c o r d  w i t h  o t h e r  w o r k e r s . 4 8 , i i 4 , i 6 i
The c a t a l y s i n g  a g e n t s  h o w e v e r ,  do seem t o  b i n d  t o  a s p e c i f i c  
s i t e ,  t h i s  b e i n g  t h e  a c c e p t o r ,  and c l e a r l y  shows an i n t e r a c t i o n  
w i t h  E ( F i g u r e  8 . 1 ) .
8 . 2  I s o l a t i o n  and C h a r a c t e r i s a t i o n  o f  GGT f o r m  C a c o -2  C e l l s
C a c o -2  c e l l s  p r o v i d e d  a n o v e l  s o u r c e  o f  GGT ( C h a p t e r  6 & 7 ) ,
w h i c h  was a h e t e r o d i m e r i c  g l y c o p r o t e i n  as f o u n d  f o r  w i t h  o t h e r  
s o u r c e s . 8 7 , 1 1 1 , 2 1 1  B o th  p a p a i n  and T r i t o n  p r e p a r a t i o n s  w e re  
p u r i f i e d  t o  a b o u t  3 u n i t s  m g - i .  The m o l e c u l a r  w e i g h t s  o f  t h e  
heavy  and l i g h t  s u b u n i t s  a r e  6 0 - 5 4  and 2 1 - 1 9 . 5  KDa r e s p e c t i v e l y .  
The s p r e a d  o f  t h e  m o l e c u l a r  w e i g h t s  a r e  a r e s u l t  o f  s e v e r a l  
i s o z y m e s  p e r  s u b u n i t .  Upon rem o va l  o f  t h e  c a r b o h y d r a t e  g r o u p s  t h e  
tw o  s u b u n i t s  have  masses o f  40 and 19 KDa, v e r y  s i m i l a r  t o  t h e  
d e g l y c o s y l a t e d  s u b u n i t s  f r o m  o t h e r  s o u r c e s . 2 2 5  upon p a p a in  
t r e a t m e n t  o f  t h e  enzyme a mass l o s s  o f  6 KDa was o b s e r v e d  f o r  t h e  
h eavy  s u b u n i t , 83 w h i l e  t h e  mass o f  t h e  l i g h t  s u b u n i t  r e m a in e d  
u n c h a n g e d .  S e v e r a l  w o r k e r s ' *  °® ,  1 2  1 have shown t h i s  t o  be due t o  
t h e  am ino  t e r m i n u s  o f  t h e  h e a v y  s u b u n i t ,  w h i c h  a n c h o r s  t h e  enzyme 
t o  t h e  l i p i d  membrane. C o m p u te r  a n a l y s i s  i n  t h i s  w o rk  has  shown 
t h a t  t h i s  s egm en t  o f  t h e  p r o t e i n  i s  v e r y  h y d r o p h o b i c  and c o n s i s t s
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o f  an a - h e 1 i x ,  tw o  i m p o r t a n t  r e q u i r e m e n t s  f o r  a p r o t e i n  i n  a 
m e m b r a n e . 1 8 1 ' 2 5 3  w h e t h e r  t h e  a n c h o r  s p a n s  t h e  w h o le  membrane,  
t h u s  l i n k i n g  b o t h  s i d e s  o f  t h e  membrane i s  unknown.
The GGT a c t i v i t y  i n  t h e  C a c o -2  c e l l  m o n o l a y e r s  i s  shown t o  
i n c r e a s e  d r a m a t i c a l l y  upon d i f f e r e n t i a t i o n  ( C h a p t e r  6 ) ,  i n  
a c c o r d a n c e  w i t h  t h e  l o c a t i o n  o f  t h e  enzyme w i t h  o t h e r  b r u s h  b o r d e r  
enzymes i n  t h e  v i l l u s  t i p s  o f  t h e  m i c r o v i l l i . 1 2 2  j h e  c a t a l y t i c  
p r o p e r t i e s  o f  t h e  GGT w h i l e  s t i l l  p r e s e n t  i n  t h e  C a co -2  c e l l s  we re  
v e r y  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  t h i s  s t u d y  f o r  t h e  b o v i n e  k i d n e y  
GGT ( C h a p t e r  6)  and o t h e r  s o u r c e s ,  s t u d i e d  by o t h e r  w o r k e r s . 2 1 1  
S p e c i f i c a l l y  t h e  a c t i v i t y  r a t i o s  f o r  m os t  a c c e p t o r s ,  am ino  a c i d s  
and d i p e p t i d e s  w e re  w i t h i n  10% o f  r e s u l t s  o b t a i n e d  w i t h  t h e  i n  
v i t r o  enzyme.  A l s o  s i m i l a r  i n  t h e i r  b e h a v i o u r  we re  i n h i b i t o r s  such  
as A T -1 2 5 ,  a z a s e r i n e  and s e r i n e  i n  t h e  p r e s e n c e  o f  b o r a t e .
8 . 3  T r a n s p o r t  o f  Amino A c i d s  and D i p e p t i d e s  T h ro u g h  
C a c o -2  C e l l  M o n o l a y e r s
W h e th e r  GGT and t h e  g a m m a -g lu ta m y l  c y c l e  a r e  i n v o l v e d  i n  t h e  
t r a n s l o c a t i o n  o f  am ino  a c i d s  a c r o s s  mammal ian g u t ,  has been a 
s u b j e c t  o f  much c o n t r o v e r s l y  o v e r  t h e  p a s t  t w e n t y  y e a r s .  The w o rk  
c a r r i e d  o u t  h e r e  ( C h a p t e r  6 )  may have  i l l u m i n a t e d  t h i s  a r e a  o f  
c o n f u s i o n  by t h e  use o f  r a d i o l a b e l l e d  g l y c y 1g l y c i n e , g l y c i n e ,  
l e u c i n e  and N - a c e t y l - g l y c i ne i n  c o n j u n c t i o n  w i t h  GGT s p e c i f i c  
i n h i b i t o r s .  The r e s u l t s  o b t a i n e d  s u g g e s t  t h e  e x i s t e n c e  o f  two  
d i s t i n c t  p a t h w a y s :  an a c t i v e  p a th w a y  w h i c h  i s  u n i d i r e c t i o n a l ,
c a r r i e r - m e d i a t e d ,  s a t u r a b l e ,  t e m p e r a t u r e  d e p e n d e n t  and i n  some way 
d e p e n d e n t  on GGT; and a s e c o n d  t r a n s l o c a t i o n  p a th w a y  w h i c h  i s  
p a s s i v e ,  b i d i r e c t i o n a l ,  t e m p e r a t u r e  i n d e p e n d e n t  and n o t  a f f e c t e d  
by GGT d i r e c t l y  ( a l t h o u g h  i t  may be i n d i r e c t l y ,  as d i s c u s s e d  
b e l o w ) .
The e v i d e n c e  i n  t h i s  w o r k  i s  t h e  s t r o n g e s t  t h u s  f a r  t o  s u g g e s t
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t h a t  GGT i s  i n v o l v e d  i n  t h e  a c t i v e  t r a n s l o c a t i o n  o f  am ino  a c i d s  and 
d i p e p t i d e s .  Howeve r ,  i t  c a n n o t  be e s t a b l i s h e d  i f  GGT i s  d i r e c t l y  o r  
i n d i r e c t l y  ( o r  b o t h ) ,  i n v o l v e d  i n  t h i s  t r a n s p o r t  p r o c e s s .  The 
d i r e c t  i n v o l v e m e n t ,  i s  w h e re  GGT, i s  p a r t  o f  t h e  g a m m a -g lu ta m y l  
c y c l e , 27 -29  t r a n s l o c a t e s  g a m m a - g lu t a m y l - a m in o  a c i d s .  These a r e  
f o r m e d  by GGT on t h e  e x t e r n a l  s u r f a c e  o f  t h e  c e l l  membrane,  ■** s 
u t i l i s i n g  i n t r a c e l l u l a r  g l u t a t h i o n e  and e x t r a c e l l u l a r  am ino  a c i d s .  
The g a m m a - g lu t a m y l - a m in o  a c i d s  a r e  h y d r o l y s e d  i n t r a c e l 1u l a r l y  by a 
s p e c i f i c  enzyme,  g a m m a -g lu ta m y l  c y c l o t r a n s f e r a s e ,  r e l e a s i n g  t h e  
f r e e  am in o  a c i d  and 5 - o x o p r o l i ne .  The 5 - o x o p r o l i ne ,  t o g e t h e r  w i t h  
c y s t e i n e  and g l y c i n e  i s  u t i l i s e d  t o  r e g e n e r a t e  g l u t a t h i o n e  i n  t h e  
c o m p l e t i o n  o f  t h e  g a m m a -g lu ta m y l  c y c l e . 2 7 - 2 9
The i n d i r e c t  i n v o l v e m e n t  o f  GGT i n  t h e  am ino  a c i d  t r a n s l o c a t i o n  
p r o c e s s ,  i s  v i a  t h e  c a t a l y i c  f o r m a t i o n  o f  some m esseng e r  compound 
i e :  5 - o x o p r o l i n e  a n d / o r  g a m m a - g l u t a m y l - g l u t a m i n e . 2 0 . 2 1 These
e i t h e r  a c t i v a t e  an a c t i v e  p r o c e s s ,  w h i c h  t r a n s l o c a t e s  t h e  am ino 
a c i d s ,  o r  w h a t  seems more l i k e l y  based on t h e  r e s u l t s  i n  t h i s  s t u d y  
( C h a p t e r  6 ) ,  t h e y  r e g u l a t e  t h e  p a s s i v e  p a th w a y ,  t h u s  a l l o w i n g  t h e  
a c t i v e  p a th w a y  t o  be t h e  m a jo r  p r o c e s s  by w h ic h  t h e  am ino  a c i d s  a r e  
t r a n s l o c a t e d .
B o th  o f  t h e s e  p o s s i b i l i t é s ,  have r e c e i v e d  s u p p o r t i n g  e v i d e n c e  
f r o m  v a r i o u s  w o r k e r s  and f r o m  t h i s  w o r k .  L i m i t e d  t o  t h e  p r e s e n t  
u n d e r s t a n d i n g  o f  t h e  t r a n s l o c a t i o n  o f  am ino a c i d s  t h r o u g h  mammal ian 
g u t  ( s m a l l  i n t e s t i n e ) ,  i t  seems p r o b a b l e  t h a t  GGT i s  b o t h  d i r e c t l y  
and i n d i r e c t l y  i n v o l v e d .
8 . 4  P o t e n t i a l  M e d ic a l  Use o f  GGT and t h e  G amma-G lu tamy l  C y c l e  
From t h e  s t u d i e s  c a r r i e d  o u t  i n  t h i s  s t u d y ,  one can  s p e c u l a t e  i n  
how t o  use GGT t o  o u r  a d v a n ta g e  w i t h  r e s p e c t  t o  m e d i c a l  and 
n u t r i o n a l  a s p e c t s .  I t  has  been r e c e n t l y  r e c o g n i s e d  t h a t  C aco -2  
c e l l s  when g rown on a m i c r o p o r o u s  s u p p o r t ,  as i n  t h i s  s t u d y ,  t h e
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i n  v i t r o  model s y s te m  i s  i d e a l  f o r  i n v e s t i g a t i n g  d r u g
a b s o r p t i o n .  Be low a r e  tw o  e x a m p le s  o f  how t h i s  u n u s u a l  enzyme
c o u l d  be us ed .
The m e n ta l  d i s o r d e r ,  P a r k i n s o n ’ s d i s e a s e  can be t r e a t e d  w i t h  
d o p a m i n e . 258 However,  c u r r e n t  m e th o d o lo g y  shows t h a t  t h e  b r a i n  
m e t a b o l i s e s  t h i s  compound v e r y  q u i c k l y  and as a r e s u l t  o n l y
a d m i n i s r a t i o n  o f  a l a r g e  dose  r e s u l t s  i n  any  b e n e f i c i a l  e f f e c t  t o  
t h e  p a t i e n t .  T h i s  b e n e f i t  i s  h o w e v e r  s h o r t  l i v e d . 2 5 9 , 2 6 0  yhe  use 
o f  a p r e c u r s o r  c o u l d  s l o w  down t h e  m e t a b o l i s m  o f  t h e  compound and 
t h u s  a l l o w  a l o n g e r ,  b u t  s h a l l o w e r  d o s e ,  w h i c h  w o u ld  be much more 
b e n e f i c i a l  t o  t h e  p a t i e n t .  Such a p r e c u r s o r  c o u l d  be
g a m m a - g l u t a m y l - d i h y d r o x y p h e n y l a l a n i n e ,  whe re  t h i s  i s  g i v e n  
i n t r a v e n o u s l y  and t r a n s l o c a t e d  a c r o s s  t h e  b l o o d - b r a i n  b a r r i e r  v i a  
t h e  g a m m a -g lu ta m y l  c y c l e  ( F i g u r e  8 . 2 ) .  Thus ,  d i h y d r o x y p h e n y l a l a n i n e  
w o u ld  be r e l e a s e d  i n  t h e  b r a i n ,  w h e re  t h e  enzyme a r o m a t i c  L - a m in o  
a c i d  d e c a r b o x y l a s e  t r a n s f o r m s  DORA t o  d op am ine ,  w h ic h  i s  used  t o  
t r e a t  t h e  d i s e a s e .
F i g u r e  8 . 2 :  The P r e c u r s o r  G a m m a - G l u t a m y l - D i h y d r o x y l p h e n y l a l a n i n e
f o r  T r e a t m e n t  o f  P a r k i n s o n ’ s D i s e a s e
GAîvV.U-GLUTAMYL-DiHYDROXÏ PHENYLALANINE
N H j— CH— C H, GHz— CO NH— CH— CH; ^  jH
CO;H CQ;H
OH
VIA g a m m a -g l u t a m y l  c y c l e
THROUGH BLOOD -BRAIN BARRIER
NHz—CH— CHz— ^  y  OH 
CO2H
DIHYDROXYPHENYLALANINE
(DOPA)
AROMATIC L-AMINO ACID DECARBOXYLASEr b t  ^
.OH
NHj -CHz— CHz— ^ — OH  
DOPAMINE
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O r a l  g l u t a m i n e  d i p e p t i d e s  o r  g a m m a - g l u t a m y l - g l u t a m i n e  c o u l d  be 
t r a n s l o c a t e d  a c r o s s  t h e  i n t e s t i n e  and ,  a f t e r  h y d r o l y s i s  by 
d i p e p t i d a s e s ,  c o u l d  l i b e r a t e  g l u t a m i n e  i n  t h e  b l o o d  s t r e a m .  
G l u t a m i n e  i s  i m p o r t a n t  i n  s u r g i c a l  p a t e i n t s  as an e s s e n t i a l  
n u t r i e n t  f o r  l y m o p h o c y t e s  and so  m a i n t a i n s  t h e  immune 
r e s p o n s i v e n e s s  o f  p a t i e n t s . 2 e 2 , 2 6  3 i t  has  a l s o  been s u g g e s t e d  
t h a t  g l u t a m i n e  im p r o v e s  t h e  n i t r o g e n  b a l a n c e  o f  p a t e i n t s  and 
p r e v e n t s  p o s t - o p e r a t i v e  m u s c le  p r o t e i n  l o s s  by  a d i r e c t  a c t i o n  on
m u s c le  t i s s u e . 2 6 4
- 2 7 4 -
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APPENDIX 1
AF»F>EMPX>C 1
E x p e r i m e n t a l  P r o c e d u r e s  f o r  t h e  S y n t h e s i s  & P r e p a r a t i o n  
o f  G a m m a -G lu ta m y l  D o n o r s .  A c c e p t o r s  a n d  P r o d u c t s .
2 . 3  E x p e r i m e n t a l
The d e t a i l e d  e x p e r i m e n t a l  p r o c e d u r e s  f o r  t h e  s y n t h e s i s  and 
p r e p a r a t i o n  o f  g a m m a -g lu ta m y l  d o n o r s ,  a c c e p t o r s  and p r o d u c t s  a r e  
g i v e n  h e r e .  A s h o r t  summary o f  t h e s e  p r o c e d u r e s  a r e  g i v e n  i n  
C h a p t e r  2 .
2 . 3 . 1  P u r i f i c a t i o n  o f  R e a g e n t s  an d  S o l v e n t s
D ry  r e a g e n t s  and s o l v e n t s  we re  p r e p a r e d ^ ^ ° ^  as o u t l i n e d  b e lo w :
M e th a n o l  and E t h a n o l  w e re  d r i e d  by h e a t i n g  t o  r e f l u x  o v e r  c a l c i u m  
o x i d e  f o r  an h o u r  and t h e n  d i s t i l l e d .  The a l c o h o l s  we re  s t o r e d  o v e r  
a c t i v a t e d  4Â m o l e c u l a r  s i e v e .
D i e t h v l  E t h e r  was vacuum d i s t i l l e d  and s t o r e d  o v e r  s od ium  w i r e .
1 , 4 - D i o x a n  was d r i e d  by vacuum d i s t i l l a t i o n  f r o m  s o d iu m  w i r e  and 
s t o r e d  o v e r  a c t i v a t e d  4Â m o l e c u l a r  s i e v e .
D i m e t h y l f o r m a m i de (DMF) was d r i e d  and p u r i f i e d  by s t i r r i n g  t h e  
s o l v e n t  w i t h  KOH f o r  24 h o u r s ,  f o l l o w e d  by f r a c t i o n a l  vacuum 
d i s t i l l a t i o n  f r o m  c a l c i u m  o x i d e  ( f r a c t i o n a t i n g  co lum n  was 46cm 
l o n g ) .  The s o l v e n t  was s t o r e d  o v e r  a c t i v a t e d  4Â m o l e c u l a r  s i e v e .
T r i f 1u o r o a c e t i c  a c i d  (TFA)  was d r i e d  and p u r i f i e d  by f r a c t i o n a l  
d i s t i l l a t i o n  and s t o r e d  i n  a b rown b o t t l e .
P i  p e r i  d i  ne was d r i e d  by d i s t i l l a t i o n  f r o m  KOH p e l l e t s .
H y d ro g e n  C h l o r i d e  was p r e p a r e d  by a d d in g  c o n c e n t r a t e d  s u l p h u r i c  
a c i d  was d r o p w i s e  i n t o  a B u c h n e r  f l a s k  c o n t a i n i n g  s o l i d  ammonium 
c h l o r i d e  m o is t e n e d  w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .  The gas 
p r o d u c e d  was t h e n  d r i e d  by p a s s i n g  t h r o u g h  a D r e c h s e l  b o t t l e  
c o n t a i n i n g  c o n c e n t r a t e d  s u l p h u r i c  a c i d ,  f o l l o w e d  by an em pty  
D r e c h s e l  b o t t l e  as a p r e c a u t i o n  a g a i n s t  ’ s u c k - b a c k ’ .
A l l  o f  t h e  am ino  a c i d s  and o l i g o p e p t i d e s  i n  t h i s  c h a p t e r  a r e  o f  
L - c o n f i g u r a t i o n  u n l e s s  s t a t e d  o t h e r w i s e .  A l l  c h e m i c a l s  used  i n  
t h i s  c h a p t e r  we re  o b t a i n e d  f r o m  S igm a,  A l d r i c h  and SDH. Fmoc- 
p r o t e c t e d  a m in o  a c i d s  w e re  o b t a i n e d  f r o m  M i l l i g e n  (Mi H i  p o r e ) ,  and 
t h e  a c t i v a t e d  s o l i d  p e p t i d e  phase  was a k i n d  g i f t  f r o m  Mr 
P .G re e n w o o d .
2 . 3 . 2  G e n e r a l  P r o c e d u r e s
A l l  d i p e p t i d e s  w e re  p u r i f i e d  u s i n g  h i g h  p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  on a r e v e r s e  phase  p - b o n d e d  Cie c o lum n  (T e c h o p a k  
10Ci8 30cm X 7 .8mm).  An i s o c r a t i c  s o l v e n t  m i x t u r e  o f  90% A and 
10% B (A :  w a t e r ,  B:  a c e t o n i t r i l e  + 1% T F A ) ,  was passed  t h r o u g h  t h e  
co lum n  a t  2 m l / m i n .  w i t h  a S p e c t r a  P h y s i c s  SP8700 s o l v e n t  d e l i v e r y  
s y s t e m .  The compounds we re  d e t e c t e d  u s i n g  t h e  UV d e t e c t o r  UVIKON 
735LC m o n i t o r e d  a t  230nm.
S o l v e n t s  w e re  removed u n d e r  vacuum u s i n g  a r o t a r y  e v a p o r a t o r ,  h i g h
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b o i l i n g  s o l v e n t s  and a c i d s  w e re  removed by vacuum d i s t i l l a t i o n  
u s i n g  a r o t a r y  pump.
K a i s e r  r e a g e n t s :  S o l u t i o n  A: n i n h y d r i n  ( 1 g )  i n  e t h a n o l  ( 2 0 m l ) .
S o l u t i o n  B: p h e n o l  ( 8 0 g )  i n  e t h a n o l  ( 2 0 m l ) .  S o l u t i o n  C: KCl ( 2 m l ,  
ImM) i n  p y r i d i n e  ( 1 0 0 m l ) .
To t h e  sa m p le  t o  be a n a l y s e d  ( I m g ) ,  2 d r o p s  o f  t h e  f o l l o w i n g  w e re
added C, B and t h e n  A, a f t e r  w h i c h  t h e  m i x t u r e  was h e a te d  f o r  a
m i n u t e ,  a b l u e  c o l o u r a t i o n  i n d i c a t e d  t h e  p r e s e n c e  o f  a f r e e  am ine  
(NH2) .
2 . 3 . 3  I n s t r u m e n t a t i o n
I n f r a - r e d  s p e c t r a  ( i . r . )  w e re  r e c o r d e d  u s i n g  a P e r k i n  E lm e r  577 
G r a t i n g  I n f r a - r e d  s p e c t r o m e t e r  w i t h  s a m p le s  i n  t h e  f o r m  o f  N u j o l  
m u l l s  on s o d iu m  c h l o r i d e  p l a t e s .  "The a b s o r p t i o n  bands a r e  g i v e n  i n  
wavenumber  ( c m ~ i )  and a r e  d e s c r i b e d  w i t h  t h e  f o l l o w i n g  
a b b r e v i a t i o n s ;  s = s t r o n g  a b s o r p t i o n ,  m=medium a b s o r p t i o n ,  w=weak 
a b s o r p t i o n ,  b = b ro a d  a b s o r p t i o n .
U l t r a - v i o l e t  s p e c t r a  ( u . v . )  w e re  o b t a i n e d  on a P h i l i p s  PU8700 
s e r i e s  U V / V i s  s p e c t r o p h o t o m e t e r  u s i n g  1 cm q u a r t z  c e l l s .  The 
w a v e le n g t h  o f  a b s o r b t i o n  bands  a r e  g i v e n  i n  nm, and e x t i n c t i o n  
c o e f f i c i e n t s  ( e ) a r e  g i v e n  i n  M~ cm“ ■*
M e l t i n g  p o i n t s  we re  d e t e r m i n e d  u s i n g  a G a l l e n k a m p  m e l t i n g  p o i n t
a p p a r a t u s  and a r e  u n c o r r e c t e d .
E le m e n t a l  a n a l y s i s  we re  c a r r i e d  o u t  on a C a r l o  E b ra
110 6 e le m e n t a l  a n a l y s e r  by t h e  U n i v e r i s i t y  o f  S u r r e y  
M i c r o a n a l y t i c a l  S e r v i c e ,  r e s u l t s  a r e  q u o te d  as  p e r c e n t a g e s  ( e r r o r  
± 0 .3 % ) .
O p t i c a l  r o t a t i o n s  w e re  c a r r i e d  o u t  u s i n g  a P o l o r i m e t e r  
m a n u f a c t u r e d  by B e l l i n g h a m  S t a n e l y  L t d . ,  c o u p l e d  w i t h  a G a l le n k a m p  
s o d iu m  lamp.  A l l  m e a s u re m e n ts  w e re  c a r r i e d  o u t  u s i n g  c e l l s  w i t h  a 
p a t h l e n g t h  o f  10cm, w i t h  a r e f e r e n c e  o f  d i s t i l l e d  w a t e r .  A l l
sam p le s  we re  made t o  2% i n  d i s t i l l e d  w a t e r  a t  25°C u n l e s s  s t a t e d .
N u c l e a r  m a g n e t i c  r e s o n a n c e  ( n . m . r . )  s p e c t r a  we re  o b t a i n e d  on a 
B r u k e r  AC 300 s p e c t r o m e t e r  a t  300MHz f o r   ^H s p e c t r a  and 320MHz 
f o r  3H s p e c t r a .  T e t r a m e t h y 1 s i  1ane (TMS) was used as an i n t e r n a l  
s t a n d a r d  f o r  a l l  s a m p le s  r u n  i n  o r g a n i c  s o l v e n t s ,  w h i l e  s o d iu m  
2 , 2 - d i m e t h y l - 2 - s i l s p e n t a n e - 5 - s u l f o n a t e  (DSS) was used  f o r  t h o s e  
s a m p le s  ru n  i n  D2 O. Peak p o s i t i o n s  a r e  q u o te d  i n  ppm r e l a t i v e  t o  
TMS o r  DSS ( z e r o )  u s i n g  t h e  f o l l o w i n g  a b b r e v i a t i o n s :  s = s i n g l e t ,
d = d o u b l e t ,  t = t r i p l e t ,  q - q u a r t e t ,  d d = d o u b le  d o u b l e t ,  m = m u l t i p l e t ,
b = b r o a d .
2 . 3 . 4  E x p e r i m e n t a l  P r o c e d u r e s
I n  t h e  f o l l o w i n g  p r o c e d u r e s  t h e  r e f e r e n c e  1 r e f e r s  t o  r e f e r e n c e  
139, w h i l e  t h a t  o f  2 r e f e r s  t o  140 and 3 t o  143.
2 . 3 . 4 . 1  Amino A c i d  M e t h y l  and E t h y l  E s t e r s
A s u s p e n s io n  o f  t h e  a p p r o p r i a t e  am ino  a c i d  ( 2 . 0 g )  was s t i r r e d  i n  
a b s o l u t e  m e th a n o l  o r  e t h a n o l  ( 1 5 m l ) .  A s t r e a m  o f  d r y  h y d r o g e n
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c h l o r i d e  gas was p a s s e d  r a p i d l y  t h r o u g h  t h i s  s u s p e n s io n  w i t h o u t  
e x t e r n a l  c o o l i n g .  Upon c o m p l e t e  d i s s o l u t i o n  o f  t h e  am ino  a c i d ,  t h e  
h o t  r e a c t i o n  m i x t u r e  was c o o l e d  i n  i c e .  The f l o w  o f  h y d r o g e n  
c h l o r i d e  gas was m a i n t a i n e d  u n t i l  s a t u r a t i o n ,  w h e re upon  t h e
r e a c t i o n  m i x t u r e  was p r o t e c t e d  f r o m  m o i s t u r e  u s i n g  a c a l c i u m  
c h l o r i d e  g u a r d  t u b e  and a l l o w e d  t o  s t a n d  a t  room t e m p e r a t u r e  f o r  
3 - 4  h o u r s .  I f  t h e  r e s u l t i n g  p r o d u c t  was i n s o l u b l e ,  t h e  m i x t u r e  was 
a l l o w e d  t o  s t a n d  i n  a r e f r i g e r a t o r  o v e r n i g h t .  The r e s u l t i n g  s o l i d  
was f i l t e r e d  and washed w i t h  c o l d  p a r e n t  a l c o h o l ,  t h e n  d r y  e t h e r ,  
and d r i e d  u n d e r  vacuum o v e r  s od ium  h y d r o x i d e  p e l l e t s .  
R e c r y s t a l l i z a t i o n  f r o m  t h e  p a r e n t  a l c o h o l  gave  w h i t e  o r  o f f  w h i t e  
c r y s t a l s  o f  t h e  c o r r e s p o n d i n g  e s t e r  h y d r o c h l o r i d e . However  i f  a 
s o l u b l e  p r o d u c t  was e n c o u n t e r e d ,  t h e  r e a c t i o n  m i x t u r e  was
e v a p o r a t e d  t o  d r y n e s s  u n d e r  vacuum ( b e lo w  3 5 ° C ) .  To t h e  r e s u l t i n g
r e s i d u e  was added 15ml o f  t h e  p a r e n t  a l c o h o l  and t h e  s o l u t i o n  
e v a p o r a t e d  t o  d r y n e s s .  The d r y  r e s i d u e  was s e c u r e d  as  c r y s t a l s  f r o m  
a s y r u p ,  when t h e  o i l  was s c r a t c h e d  i n  a n h y d r o u s  e t h e r .  The
r e s u l t i n g  c r y s t a l l i n e  s u s p e n s i o n ,  was f i l t e r e d  and washed w i t h  d r y  
e t h e r .  A f t e r  d r y i n g  u n d e r  vacuum o v e r  s o d iu m  h y d r o x i d e  p e l l e t s ,  t h e  
s o l i d  was r e c r y s t a l l i s e d  f r o m  p a r e n t  a l c o h o l  and d r y  e t h e r .
G l y c i n e  m e th y l  e s t e r . M C I  ( 1 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  g l y c i n e  and m e t h a n o l ,  w h i c h  
a f f o r d e d  ( 1 )  as w h i t e  c r y s t a l s  ( 3 . 1 5 g ,  94%), m. p.  1 7 5 -17 6  °C ( L i t . " *  
m . p . 1 7 5 ° C ) .  E l e m e n t a l  a n a l y s i s  gave C = 2 8 .1 2 ,  H = 6 .3 8 ,  N = 1 1 .0 7 ;  c a l c ,  
f o r  C3 H8 NO2 C I ,  C = 2 7 .9 5 ,  H = 6 . 2 0 ,  N = 1 0 .8 5 .
i . r . :  1740 ( s ,  C=0 e s t e r ) .
G l y c i n e  e t h y l  e s t e r . H C l  ( 2 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  e x c e p t  e t h a n o l  was u s e d .  A f t e r  
r e c r y s t a l l i s a t i o n  f r o m  e t h a n o l ,  w h i t e  c r y s t a l s  ( 2 )  we re  o b t a i n e d  
( 3 . 3 9 g ,  91%),  m. p.  1 4 3 - 1 4 4 “ C ( L i t . ' *  m . p . 1 4 4 ° C ) .  E l e m e n t a l  a n a l y s i s  
gave C = 3 4 .2 2 ,  H = 7 .1 1 ,  N = 1 0 .0 0 ;  c a l c  f o r  C4 H1 0 NO2 C I ,  C = 3 4 .5 7 ,  
H = 6 .9 9 ,  N = 9 .7 9 .
i . r . :  1740 ( s ,  C=0 e s t e r ) .
G l y c i n e  p r o p y l  e s t e r . H C l  ( 3 )
The same p r o c e d u r e  as  used  f o r  g l y c i n e  m e th y l  and e t h y l  e s t e r s  was 
f o l l o w e d  e x c e p t  t h e  p r o p a n - 1 - o l  s o l u t i o n  was h e a t e d  t o  r e f l u x  f o r  
an h o u r  w h i l e  t h e  HCl was p a s s e d  t h r o u g h  t h e  s o l u t i o n .  The f l o w  o f  
HCl was m a i n t a i n e d  u n t i l  t h e  s o l u t i o n  re a c h e d  RT. The r e a c t i o n  
m i x t u r e  was t h e n  l e f t  t o  s t a n d  o v e r n i g h t .  The s o l u t i o n  was 
e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e  and t h e  r e s i d u e  was 
r e c r y s t a l l i s e d  f r o m  p r o p a n - 1 - o l  w h i c h  a f f o r d e d  ( 3 )  as  a w h i t e  
m i c r o c r y s t a l  1 i ne s o l i d  ( 3 . 5 4 g ,  87%),  v e r y  h y g r o s c o p i c ,  m . p . 6 4 - 6 6 “ C. 
E l e m e n t a l  a n a l y s i s  gave  C = 3 9 .0 5 ,  H = 7 .8 5 ,  N = 8 .8 5 ;  c a l c .  f o r
C5 H1 2 NO2 CI C = 3 9 .2 2 ,  H = 7 .8 4 ,  N = 9 .1 5 .
i . r . :  1750 ( s ,  C=0 e s t e r ) .
A l a n i n e  e t h y l  e s t e r . H C l  ( 4 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  a l a n i n e  and e t h a n o l ,  w h i c h  
gave ( 4 )  as w h i t e  c r y s t a l s  ( 3 . 8 2 g ,  93%), m . p . 7 6 ' C  ( L i t . i  m .p .  
7 6 ° C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 3 9 .0 1 ,  H = 7 . 8 6 ,  N = 9 .2 2 ;  c a l c .  f o r
- 2 9 0 -
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C 5 H i 2 N 0 2 C 1 ,  C = 3 9 .2 2 ,  H = 7 .8 4 ,  N = 9 .1 5 .
n . m . r .  (D2 O ) :  1 .2 7  ( t ,  3H, CH3 -CH2 - ) : 1 . 6 4  ( d ,  3H ,
3 -CH3 ) ;  4 . 1 5  ( q ,  1H, a - C H ) ;  4 . 2 8  ( q ,  2H, -CH2 -CH3 ) .
D -A1an1ne e t h y l  e s t e r . H C l  ( 4 a )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  D - a l a n i n e  and e t h a n o l ,  w h ic h  
gave  ( 4 a )  as w h i t e  c r y s t a l s  ( 2 . 9 g ,  84%), m . p . 8 5 - 8 7 “ C ( L i t . 2 m .p .  
8 6 ’ C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 3 9 .1 7 ,  H = 7 .9 5 ,  N = 9 .0 3 ;  c a l c .  f o r  
C5 H1 2 NO2 C I ,  C = 3 9 .2 2 ,  H = 7 .8 4 ,  N = 9 .1 5 .
 ^H n . m . r .  (D2 O ) :  1 .2 3  ( t ,  3H, CH3 -CH2 - ) :  1 . 5 0  ( d ,  3H ,
3 - C H a ) ;  4 . 1 0  ( q ,  1H, a - C H ) ;  4 . 2 9  ( q ,  2H, -CH2 -CH3 ) .
g - a m in o  b u t y r i c  e t h y l  e s t e r . H C l  ( 5 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  a - a m in o  b u t y r i c  a c i d  and 
e t h a n o l ,  w h i c h  gave  ( 5 )  as  w h i t e  c r y s t a l s  ( 2 . 9 g ,  88%),  m .p .  
1 2 8 -1 3 0 °C  ( L i t . 2 m . p . 1 3 0 - 1 3 1 ° C ) . E le m e n t a l  a n a l y s i s  gave C = 4 3 .1 3 ,  
H = 7 .9 8 ,  N = 8 .0 4 ;  c a l c .  f o r  C6 H1 4 NO2 C I ,  C = 4 2 .9 9 ,  H = 8 .3 6 ,
N = 8 . 36.
V a l i n e  e t h y l  e s t e r . H C l  ( 6 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  v a l i n e  and e t h a n o l ,  w h i c h  gave 
( 6 )  as w h i t e  c r y s t a l s  ( 2 . 7 g ,  87%), m. p . 1 0 1 - 1 0 3 “ C ( L i t . i
m . p . 1 0 2 - 1 0 5 " C ) . E l e m e n t a l  a n a l y s i s  gave C = 4 5 .9 9 ,  H = 8 .5 9 ,  N = 7 .8 0 ;  
c a l c ,  f o r  C7 H1 6 NO2 C I ,  C = 4 6 .2 8 ,  H = 8 .8 2 ,  N = 7 .7 1 .
L e u c i n e  e t h y l  e s t e r . H C l  ( 7 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  l e u c i n e  and e t h a n o l ,  w h ic h  
gave  ( 7 )  as w h i t e  c r y s t a l s  ( 2 . 4 g ,  79%), m .p . 1 3 3 * C  ( L i t . *  m .p .  
1 3 4 ° C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 4 8 .9 1 ,  H = 9 .2 6 ,  N = 7 .1 4 ;  c a l c ,  f o r  
Cs H1 8 NO2 C I ,  C = 4 9 .1 0 ,  H = 9 .2 1 ,  N = 7 .1 6 .
1 H n . m . r .  (D2 O ) :  0 . 9 2 - 0 . 9 5  (m, 6H, - C H - fC H s ) 2 ) :  1 .27  ( t ,
3H, - C H a ) ;  1 . 6 6 - 1 , 9 7  (m, 3 H , -CH2 -CH- ( C H a ) i ) :  4 . 1 0  ( t ,
1H, a - C H ) ;  4 . 2 8  ( q ,  2H, -CH2 -CH3 ) .
I s o l e u c i n e  e t h y l  e s t e r . H C l  ( 8 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  i s o l e u c i n e  and e t h a n o l ,  w h ic h  
gave  ( 8 )  as w h i t e  c r y s t a l s  ( 2 . 5 g ,  85%), m . p . 9 1 - 9 3 ° C  ( L i t . 2 m .p .  
9 3 * 0 .  E l e m e n t a l  a n a l y s i s  gave C = 4 8 .7 5 ,  H = 9 .1 3 ,  N = 7 .1 1 ;  c a l c .  f o r  
C8 H1 8 NO2 C I ,  C = 4 9 .1 0 ,  H = 9 . 2 1 ,  N = 7 .1 6 .
P h e n y l a l a n i n e  e t h y l  e s t e r . H C l  ( 9 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  p h e n y l a l a n i n e  and e t h a n o l ,  
w h i c h  gave ( 9 )  as w h i t e  c r y s t a l s  ( 2 . 5 g ,  90%), m . p . 1 5 3 - 1 5 5 “ C
( L i t . 1  m . p . 1 5 4 - 1 5 5 ° C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 5 7 .4 9 ,  H = 6 .8 4 ,
N = 6 .4 9 ;  c a l c ,  f o r  C1 1 H1 6 NO2 C I ,  C = 5 7 .5 2 ,  H = 6 .9 7 ,  N = 6 .1 0 .
D - P h e n v 1a l a n i ne e t h y l  e s t e r . H C l  ( 9 a )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  D - p h e n y 1a l a n i ne and e t h a n o l ,  
w h i c h  gave  ( 9 a )  as  w h i t e  c r y s t a l s  ( 2 . 2 g ,  79%), m . p . 1 6 5 - 1 6 8 ° C .
E l e m e n t a l  a n a l y s i s  gave C=, H=, N=; c a l c ,  f o r  C1 1 H1 6 NO2 C I ,
- 2 9 1 -
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C = 5 7 .5 2 ,  H = 6 .9 7 ,  N = 6 .1 0 .
T y r o s i n e  m e th v i  e s t e r .  HCl ( 1 0 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  t y r o s i n e  and m e t h a n o l ,  w h i c h  
gave ( 1 0 )  as w h i t e  c r y s t a l s  ( 2 . 4 g ,  89%),  m. p . 1 8 9 - 1 9 0 “ C ( L i t . i  
m . p . 1 9 0 “ C ) .  E l e m e n t a l  a n a l y s i s  gave C = 5 1 .6 3 ,  H = 5 .9 7 ,  N=G.07 ;  c a l c ,  
f o r  C1 0 H1 4 NO3 C I ,  C = 5 1 .8 4 ,  H = 6 .0 5 ,  N = 6 .0 5 .
3 . 4 - D i h y d r o x y p h e n v l a l a n i n e  e t h v l  e s t e r . H C l  ( 1 1 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  3 , 4 - d i h y d r o x y p h e n y l a l a n i n e  and 
m e th a n o l  e x c e p t  t h a t  t h e  r e a c t i o n  was p r o t e c t e d  f r o m  t h e  d a r k ,  
w h i c h  gave ( 1 1 )  as w h i t e  c r y s t a l s  ( 2 . 3 g ,  87%),  m . p . 1 2 8 - 1 29°C
( L i t . 2 m . p . 1 2 9 “ C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 5 0 .4 9 ,  H = 6 .0 6 ,  
N = 5 .5 9 ;  c a l c ,  f o r  C1 1 Hi eNO4 C l , C = 5 0 .4 8 ,  H = 6 . 1 2 ,  N = 5 .3 5 .
T r y p t o p h a n  e t h y l  e s t e r . H C l  ( 1 2 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  t r y p t o p h a n  and e t h a n o l ,  w h i c h  
gave ( 1 2 )  as w h i t e  c r y s t a l s  ( 2 . 2 g ,  84%),  m . p . 2 2 4 - 2 2 6 “ C ( L i t . i  
m . p . 2 2 5 - 2 2 6 ” C ) . E l e m e n t a l  a n a l y s i s  gave  C = 5 7 .7 8 ,  H = 6 .1 6 ,  N = 1 0 .6 7 ;
c a l c ,  f o r  C l 3 H1 7 N2 O2 C I , C = 5 8 .1 0 ,  H = 6 .3 3 ,  N = 1 0 .4 3 .
H i s t i d i n e  m e th y l  e s t e r . 2 H C 1  ( 1 3 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  h i s t i d i n e  and m e t h a n o l ,  w h ic h  
gave ( 1 3 )  as w h i t e  c r y s t a l s  ( 2 . 3 g ,  87%),  m . p . 1 9 8 - 2 0 0 °C ( L i t . i  
m . p . 2 0 0 - 2 0 1 ‘ O . E l e m e n t a l  a n a l y s i s  gave  C = 4 1 .1 6 ,  H = 5 .1 3 ,  N = 2 0 .8 7 ;
c a l c ,  f o r  C 7 H 1 0 N 3 O 2 C I ,  C = 4 1 .2 8 ,  H = 4 . 9 1 , N = 2 0 .6 4 .
A s p a r g i n e  e t h y l  e s t e r . H C l  ( 1 4 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  a s p a r g i n e  and e t h a n o l ,  w h i c h
gave ( 1 4 )  as w h i t e  c r y s t a l s  ( 2 . 5 g ,  84%),  m . p . 183 -5  °C. E l e m e n t a l  
a n a l y s i s  gave C = 3 6 .7 5 ,  H = 6 .9 0 ,  N = 1 3 .9 3 ;  c a l c .  f o r
C6 H1 3 N2 O3 C I ,  C = 3 6 .6 4 ,  H = 6 .6 2 ,  N = 1 4 .2 5 .
G l u t a m in e  m e th y l  e s t e r . H C l  ( 1 5 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  g l u t a m i n e  and m e t h a n o l ,  w h i c h  
gave ( 1 5 )  as w h i t e  c r y s t a l s  ( 2 . 5 g ,  87%),  m . p . 1 3 8 - 1 4 0 ° C  ( L i t . 2 6 2  
m . p . 1 4 1 ° C ) .  E l e m e n t a l  a n a l y s i s  gave C = 4 0 .0 9 ,  H = 7 .2 1 ,  N = 1 2 .9 4 ;  c a l c ,  
f o r  C7 H1 5 N2 O3 C I ,  C = 3 9 .9 0 ,  H = 7 .1 3 ,  N = 1 3 .3 0 .
T h r e o n i n e  e t h y l  e s t e r . H C l  ( 1 6 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  t h r e o n i n e  and e t h a n o l ,  w h i c h
gave ( 1 6 )  as w h i t e  c r y s t a l s  ( 2 . 7 g ,  88%), m . p . 1 2 5 * C  ( L i t . 2 m .p .
1 2 5 * 0 .  E l e m e n t a l  a n a l y s i s  gave C = 3 9 .1 8 ,  H = 7 . 6 4 ,  N = 7 .9 1 ;  c a l c ,  f o r  
C6 H1 4 NO3 C I ,  C = 3 9 .2 3 ,  H = 7 .6 3 ,  N = 7 .6 3 .
S e r i n e  m e th y l  e s t e r . H C l  ( 1 7 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  s e r i n e  and m e t h a n o l ,  w h i c h
gave ( 1 7 )  as w h i t e  c r y s t a l s  ( 2 . 8 g ,  94%), m . p . 1 6 3 - 1 6 6 ° C  ( L i t . i
m . p . 1 6 5 - 1 6 6 * 0 .  E l e m e n t a l  a n a l y s i s  gave C = 3 0 .6 4 ,  H = 6 .3 8 ,  N = 8 .8 2 ;
c a l c ,  f o r  C4 H1 0 NO3 C I ,  C = 3 0 .8 7 ,  H = 6 .4 3 ,  N = 9 .0 0 .
1 H n . m . r .  (D2 O ) :  3 . 2 5  ( s ,  3H , -CH3 ) ;  3 . 9 7 - 4 . 1 8  (m, 2H,
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3 -CH2 ) ;  4 . 2 9  ( t ,  1H, a - C H ) .
C y s t e i n e  e t h v l  e s t e r . H C l  ( 1 8 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  c y s t e i n e  and e t h a n o l ,  w h ic h  
gave ( 1 8 )  as w h i t e  c r y s t a l s  ( 2 . 7 g ,  88%),  m . p . 1 1 2 - 1 15*C ( L i t . i  
m . p . 1 1 5 “ C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 3 2 .7 1 ,  H = 6 . 6 5 ,  N = 7 .2 9 ;  c a l c ,  
f o r  C5 H1 2 NO2 C I ,  C = 3 2 .3 5 ,  H = 6 .4 7 ,  N = 7 .5 5 .
M e t h i o n i n e  M e th y l  e s t e r . H C l  ( 1 9 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  m e t h i o n i n e  and m e t h a n o l ,  w h i c h  
gave ( 1 9 )  as w h i t e  c r y s t a l s  ( 2 . 1 g ,  78%), m .p .1 4 7 ~ 1 4 9 ° C  ( L i t . i  
m . p . 1 5 0 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 3 6 . 0 2 ,  H = 6 .8 2 ,  N = 6 .7 1 ;  c a l c ,  
f o r  C6Hi 4N02C1, 0 = 3 6 . 0 9 ,  H = 7 . 0 2 ,  N = 7 .0 2 .
L y s i n e  e t h v l  e s t e r . H C l  ( 2 0 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  l y s i n e  and e t h a n o l ,  w h i c h  gave
( 2 0 )  as  w h i t e  c r y s t a l s  ( 2 . 5 g ,  86%),  m . p . 1 4 2 - 1 4 5 °C ( L i t . i
m . p . 1 4 3 . 5 - 1 4 4 . 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 5 . 7 6 ,  H = 9 .2 8 ,
N = 1 3 .4 6 ;  c a l c ,  f o r  C8 H1 9 N2 O2 C I ,  0 = 4 5 . 6 1 ,  H = 9 . 0 3 ,  N = 1 3 .3 0 .
A r g i n i n e  m e th y l  e s t e r . H C l  ( 2 1 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  a r g i n i n e  and m e t h a n o l ,  w h ic h  
gave  ( 2 1 )  as  w h i t e  c r y s t a l s  ( 2 . 2 g ,  85%),  m . p . 1 9 4 - 1 9 6 * 0  ( L i t . i  
m . p . 1 9 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 3 7 . 6 1 ,  H = 7 .8 5 ,  N = 2 5 .1 6 ;  c a l c ,  
f o r  C7 H1 7 N4 O2 C I ,  0 = 3 7 . 4 2 ,  H = 7 .5 7 ,  N = 2 4 .9 4 .
N o r l e u c i n e  m e th y l  e s t e r . H C l  ( 2 2 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  n o r l e u c i n e  and m e t h a n o l ,  w h i c h  
gave ( 2 2 )  as  w h i t e  c r y s t a l s  ( 2 . 4 g ,  80%),  m . p . 1 3 3 - 1 3 6 * 0  ( L i t . 2 62  
m .p .  1 3 5 - 7 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 9 . 0 8 ,  H = 9 . 3 7 ,  N = 6 .9 6 ;
c a l c ,  f o r  C8 H1 8 NO2 C I ,  0 = 4 9 . 1 0 ,  H = 9 .2 1 ,  N = 7 .1 6 .
N o r v a l i n e  m e th y l  e s t e r . H C l  ( 2 3 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  n o r v a l i n e  and m e t h a n o l ,  w h ic h  
gave ( 2 3 )  as w h i t e  c r y s t a l s  ( 2 . 4 g ,  78%), m .p .  1 0 6 - 1 0 8 * 0  ( L i t . 5 7 5  
m . p . 1 0 7 - 8 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 6 . 4 0 ,  H = 9 .1 0 ,  N = 7 .9 3 ;
c a l c ,  f o r  C 7 H 1 6 N O 2 C I ,  0 = 4 6 . 2 8 ,  H = 8 .8 2 ,  N = 7 .7 1 .
S - M e t h y 1 - c v s t e i ne m e th y l  e s t e r . H C l  ( 2 4 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  S - m e t h y 1 - c y s t e i ne and 
m e t h a n o l ,  w h i c h  gave ( 2 4 )  as w h i t e  c r y s t a l s  ( 2 . 1 g ,  83%),  m .p .
1 1 7 - 1 2 1 * 0 .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 2 . 1 7 ,  H = 6 . 7 7 ,  N = 7 .7 1 ;  c a l c ,  
f o r  C 5 H 1 2 N O 2 C I ,  0 = 3 2 . 3 5 ,  H = 6 .4 7 ,  N = 7 .5 5 .
P h e n y l g l y c i ne e t h v l  e s t e r . H C l  ( 2 5 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  p h e n y l g l y c i ne and e t h a n o l ,  
w h i c h  gave  ( 2 5 )  as w h i t e  c r y s t a l s  ( 2 . 4 g ,  85%),  m . p . 2 0 0 - 2 0 2 * 0 .
L i t . 3 m . p . 2 0 2 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 5 . 9 2 ,  H = 6 .6 2 ,  
N = 6 .2 0 ;  c a l c ,  f o r  C1 0 H1 4 NO2 C I ,  0 = 5 5 . 6 8 ,  H = 6 .5 0 ,  N = 6 .5 0 .
S - B e n z v l - c v s t e i ne e t h v l  e s t e r . H C l  ( 2 6 )
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P r o c e d u r e  2 . 3 . 4 . 1  
w h ic h  gave ( 2 6 )  
( L i t . i  m . p . 156 -7  
N = 5 .3 5 ;  c a l c ,  f o r
was f o l l o w e d  u s i n g  S - b e n z y l - c y s t e i n e  and e t h a n o l ,  
as w h i t e  c r y s t a l s  ( 2 . 0 g ,  81%),  m . p . 1 5 5 - 1 5 7 * c
C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 5 0 .1 7 ,  H = 6 .4 3 ,
C1 1 H1 6 NO2 C I ,  0 = 5 0 . 4 8 ,  H = 6 . 12, N = 5 .3 5 .
( 3 - A la n in e  e t h v l  e s t e r . H C l  ( 2 7 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  3 - a l a n i n e  and e t h a n o l ,  w h i c h  
gave ( 2 7 )  as w h i t e  c r y s t a l s  ( 3 . 8 9 g ,  95%),  m . p . 9 5 - 9 6 * C  ( L i t . i
m . p . 9 5 - 9 6 * 0 .  E l e m e n t a l  a n a l y s i s  gave C = 3 9 .6 2 ,  H = 7 .6 3 ,  N = 9 .2 9 ;
c a l c ,  f o r  C5 H1 2 NO2 C I , C = 3 9 .2 2 ,  H = 7 .8 4 ,  N = 9 .1 5 .
i . r . :  1740 ( s ,  C=0 e s t e r ) .
4 -A m in o  b u t y r i c  e t h v l  e s t e r . H C l  ( 2 8 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  4 - a m in o  b u t y r i c  a c i d  and 
e t h a n o l ,  w h i c h  gave ( 2 8 )  as  w h i t e  c r y s t a l s  ( 2 . 7 g ,  83%), m . p . 6 5 - 6 7 ° C  
( L i t . 2 m . p . 6 5 - 7 2 * 0 .  E l e m e n t a l  a n a l y s i s  gave  C = 4 2 .8 5 ,  H = 8 .3 7 ,
N = 8 .3 4 ;  c a l c ,  f o r  Ce Hi 4 NO2 C l , 0 = 4 2 . 9 9 ,  H = 8 .3 6 ,  N = 8 .3 6 .
S a r c o s i n e  e t h v l  e s t e r . H C l  ( 2 9 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  s a r c o s i n e  and e t h a n o l ,  w h i c h  
gave  ( 2 9 )  as w h i t e  c r y s t a l s  ( 3 . 7 4 g ,  92%), m . p . 1 2 6 - 1 27*C ( L i t . i  
m. p . 1 2 7 - 1 2 8 * C ) . E l e m e n t a l  a n a l y s i s  gave C = 3 8 .9 2 ,  H = 7 .6 8 ,  N = 9 .0 7 ;
c a l c ,  f o r  C 5 H 1 2 N O 2 C I ,  0 = 3 9 . 2 2 ,  H = 7 .8 4 ,  N = 9 .1 5 .
g -A m in o  i s o b u t y r i c  e t h v l  e s t e r . H C l  ( 3 0 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  a - a m in o  i s o b u t y r i c  a c i d  and 
e t h a n o l ,  w h i c h  gave  ( 3 0 )  as w h i t e  c r y s t a l s  ( 3 . 0 g ,  93%),
m . p . 1 8 5 - 1 8 6 * 0  ( L i t . 3 m .p .  1 8 6 . 5 - 1 8 7 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  
0 = 4 2 . 8 7 ,  H = 8 .7 3 ,  N = 8 .1 8 ;  c a l c .  f o r  C6 H1 4 NO2 C I ,  0 = 4 2 . 9 9 ,
H = 8 .3 6 ,  N = 8 .3 6 .
A s p a r t i c  d i e t h v l  e s t e r . H C l  ( 3 1 )
P r o c e d u r e  2 . 3 . 4 , 1  was f o l l o w e d  u s i n g  a s p a r t i c  a c i d  
w h ic h  gave ( 3 1 )  as  w h i t e  c r y s t a l s  ( 2 . 8 g ,  83%),
( L i t . i  m . p . 1 09 -1 10°  C ) .  E l e m e n t a l  a n a l y s i s  gave  0=42 
N = 6 .2 9 ;  c a l c ,  f o r  CaHieNO4 C l , 0 = 4 2 . 5 7 ,  H = 7 .1 0 ,  N=6.21
and 
m.p 
71 ,
G l u t a m i c  d i e t h y l  e s t e r . H C l  ( 3 2 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  g l u t a m i c  a c i d  and 
e x c e p t  t h e  r e a c t i o n  m i x t u r e  was h e a te d  u n d e r  r e f l u x  f o r  
w h i c h  gave ( 3 2 )  as w h i t e  c r y s t a l s  ( 2 . 9 g ,  88%),  m.p 
( L i t . i  m . p . 1 1 3 - 1 1 4 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 5 . 1 1 ,  
N = 5 .9 1 :  c a l c ,  f o r  C 9 H 1 8 N O 4 C I ,  0 = 4 5 . 0 9 ,  H = 7 . 5 2 , N = 5 .8 5 .
e t h a n o l , 
1 0 7 - 1 0 9 * 0  
H = 6 . 78 ,
e t h a n o l , 
an h o u r ,  
. 1 1 1 - 1 1 3 * 0  
H = 7 .4 8 ,
D - G l u t a m i c  d i e t h v l  e s t e r . H C l  ( 3 2 a )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  D - g l u t a m i c  a c i d  and e t h a n o l ,  
e x c e p t  t h a t t h e  r e a c t i o n  was h e a t e d  u n d e r  r e f l u x  f o r  an h o u r ,  w h i c h  
gave ( 3 2 a )  as w h i t e  c r y s t a l s  ( 2 . 7 g ,  82%), m . p . 1 2 3 -1 2 5 * 0  ( L i t . 2 
m . p . 1 2 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 4 . 9 1 ,  H = 7 .5 4 ,  N = 5 .2 8 ;  c a l c ,  
f o r  C 9 H 1 8 N O 4 C I ,  0 = 4 5 . 0 9 ,  H = 7 . 5 2 ,  N = 5 .8 5 .
P r o l i n e  m e th y l  e s t e r . H C l  ( 3 3 )
— 2 94—
APPENDIX 1
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  p r o l i n e  and m e t h a n o l ,  w h ic h  
gave  ( 3 3 )  as w h i t e  c r y s t a l s  ( 2 . 4 g ,  84%), m . p . 6 9 - 7 0 * C  ( L i t . i  m .p .
7 1 * C ) .  E l e m e n t a l  a n a l y s i s  g a ve  C = 4 4 .1 9 ,  H = 6 . 3 4 ,  N = 8 .9 1 ;  c a l c .  f o r  
C6 H1 1 NO2 C I ,  C = 4 3 .7 7 ,  H = 6 . 6 9 ,  N = 8 .5 1 .
G l v c v l q l v c i n e  m e th v i  e s t e r . H C l  ( 3 4 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  g l y c y 1g l y c i ne and m e t h a n o l ,  
w h i c h  gave ( 3 4 )  as w h i t e  s o l i d  ( 2 . 2 g ,  80%), m . p . 134 °C ( L i t . 2 
m . p . 1 3 3 - 1 3 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 2 . 7 2 ,  H = 6 .2 2 ,  N = 1 5 .1 1 ;
c a l c ,  f o r  C 5 H 1 1 N 2 O 3 C I ,  0 = 3 2 . 9 7 ,  H = 6 .0 4 ,  N = 1 5 .3 8 .
i . r . :  3460 ( s ,  N-H a m i d e ) ;  1725 ( s ,  0=0 a m i d e ) ;  1685 ( s ,  0=0
e s t e r ) .
G l v c v l q l v c i n e  e t h v l  e s t e r . H C l  ( 3 5 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  g l y c y 1 - g l y c i ne and e t h a n o l ,  
w h i c h  gave ( 3 5 )  as w h i t e  c r y s t a l s  ( 2 . 4 g ,  80%),  m . p . 1 7 9 - 1 8 0 * 0
( L i t . 2 m . p . 1 7 9 - 1 8 1 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 6 . 5 3 ,  H = 6 .9 5 ,  
N = 1 4 .2 7 ;  c a l c ,  f o r  C eH isN aO aC l ,  0 = 3 6 . 7 3 ,  H = 6 . 6 3 ,  N = 1 4 .2 9 .
i . r . :  3450 ( s ,  N-H a m i d e ) ;  1745 ( s , 0=0 a m i d e ) ;  1695 ( s ,  0=0
e s t e r ) .
G l v c v 1g l v c v l g l y c i ne e t h v l  e s t e r . H C l  ( 3 6 )
P r o c e d u r e  2 . 3 . 4 . 1  was f o l l o w e d  u s i n g  g l y c y l - g l y c i n e  and e t h a n o l ,  
w h ic h  gave ( 3 6 )  as w h i t e  c r y s t a l s  ( 2 . 1 g ,  78%), m . p . 2 1 3 - 2 1 6 * 0
( L i t . i  m . p . 2 1 4 - 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 8 . 0 8 ,  H = 6 .5 1 ,  
N = 1 6 . 7 4 ; c a l c ,  f o r  C 8 H 1 6 N 3 O 4 C I ,  0 = 3 7 . 8 7 ,  H = 6 . 3 1 ,  N = 1 6 .5 7 .
2 . 3 . 4 . 2  N - A c e t v l a t i o n  o f  Am ino  A c i d s
The a p p r o p r i a t e  am ino  a c i d  ( lO m m o l )  was s t i r r e d  i n  a qu eous  NaOH 
( 1 0 m l ,  2M) and c o o l e d  t o  5 * 0  i n  an i c e  b a t h  b e f o r e  a c e t i c  a n h y d r i d e  
( 1 2 m l )  was added i n  one p o r t i o n .  The s o l u t i o n  was a l l o w  t o  s t a n d  
f o r  2 - 3  h o u r s  a t  room t e m p e r a t u r e ,  b e f o r e  b e i n g  a c i d i f i e d  t o  pH 1 -2  
w i t h  4M aqueous  H2SO4 and e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  
p r e s s u r e  ( b e lo w  4 0 * 0 ) .  The r e s i d u e  was e x t r a c t e d  4 t i m e s  w i t h  5ml 
o f  b o i l i n g  e t h a n o l  and t h e  c o m b in e d  e x t r a c t s  w e re  f i l t e r e d  and 
e v a p o r a t e d  t o  d r y n e s s  as  b e f o r e .  The c r u d e  N - a c e t y l - a m i n o  a c i d  was 
r e c r y s t a l l i s e d  f r o m  w a t e r ,  f i l t e r e d ,  washed w i t h  i c e  c o l d  w a t e r  and 
d r i e d  i n  a vacuum d e s s i c a t o r .
N - A c e t y 1- g l y c i n e  ( 3 7 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  g l y c i n e ,  w h i c h  gave ( 3 7 )  as 
w h i t e  c r y s t a l s  ( 1 . 0 5 g ,  90%),  m .p . 2 0 4 * C  ( L i t . i  m . p . 2 0 4 ° C ) .
E l e m e n t a l  a n a l y s i s  gave  C = 4 1 .1 0 ,  H = 6 .1 2 ,  N = 1 1 .9 5 ;  c a l c .  f o r
C4 H7 NO3 , C = 4 1 .0 0 ,  H = 5 .9 8 ,  N = 1 1 .9 0 .
1 H n . m . r .  (D2 O ) :  2 . 0 8  ( s ,  3 H , CHs) ;  3 . 7 8  ( s ,  2H, a - C H z ) .  
i . r . :  3350 (w, N-H a m i d e ) ;  1710 ( s ,  0=0 a m id e ) ;  1600 (m, CO2 H ) .  
N - A c e t y 1 - a l a n i ne ( 3 8 )
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P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  a l a n i n e ,  w h i c h  gave ( 3 8 )  as 
w h i t e  c r y s t a l s  ( 1 . 1 5 g ,  88%),  m . p . 1 3 4 - 1 35°C ( L i t . i  m . p . 1 3 6 ° C ) .  
E l e m e n t a l  a n a l y s i s  gave  C = 4 5 .5 7 ,  H = 7 .0 7 ,  N = 1 0 .9 5 ;  c a l c .  f o r
C5 H9 NO3 , C = 4 5 .8 0 ,  H = 6 .8 7 ,  N = 1 0 .6 9 .
1 H n . m . r .  (de-DMSO):  1 .2 5  ( d ,  3H, I3-CH3 ) ; 1 . 8 2  ( s ,  3H,
CH 3-C =0) ;  4 . 1 7  (m, 1H, a - C H ) ;  8 . 1 4  ( d ,  1H, N - H ) .
i . r . :  3340 (w ,  N-H a m i d e ) ;  1710 (m, 0=0 a m i d e ) ;  1570 ( s ,  OO2 H ) .
N - A c e t y 1- a - a m i n o  b u t y r i c  a c i d  ( 3 9 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  a - a m in o  b u t y r i c  a c i d ,  w h i c h  
gave ( 3 9 )  as w h i t e  c r y s t a l s  ( 1 . 2 5 g ,  86%),  m . p . 1 2 1 - 1 2 4 * 0 .  E l e m e n t a l  
a n a l y s i s  gave  0 = 4 9 . 6 2 ,  H = 7 . 8 9 ,  N = 9 .5 5 ;  c a l c ,  f o r  O eH i iN O s ,  
0 = 4 9 . 6 6 ,  H = 7 .5 9 ,  N = 9 .6 6 .
N - A c e t y 1 - v a l i ne ( 4 0 )
P r o c e d u r e  2 . 3 . 4 , 2  was f o l l o w e d  u s i n g  v a l i n e ,  w h i c h  gave ( 4 0 )  as
w h i t e  c r y s t a l s  ( 1 . 3 g ,  82%),  m . p . 166 *0  ( L i t . i  m . p . 1 6 8 * 0 ) .
E le m e n t a l  a n a l y s i s  gave  0 = 5 2 . 7 2 ,  H = 7 .9 3 ,  N = 8 .7 1 ;  c a l c .  f o r
O 7 H 1 3 N O 3 ,  0 = 5 2 . 8 3 ,  H = 8 .1 7 ,  N = 8 .8 1 .
1 H n . m . r .  (de-DMSO):  0 . 8 7  ( d ,  6H, (OH3 )2 - 0 H - ) : 1 .8 7  ( s ,
3H, 0 H 3 - 0 = 0 ) ;  1 . 9 7 - 2 . 0 8  (m, 1H, 13-CH ) ; 4 . 1 3  ( d d ,  1H, a-OH ) ; 7 . 9 7
( d ,  1H, N - H ) .
i . r . :  3300 (w, N-H a m i d e ) ;  1675 ( s , 0=0 a m i d e ) ;  1580 (m, OO2 H ) .  
N - A c e t y 1 - l e u c i ne ( 4 1 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  l e u c i n e ,  w h i c h  gave ( 4 1 )  as
w h i t e  c r y s t a l s  ( 1 . 5 g ,  87%),  m . p . 178 *0  ( L i t . i  m . p . 1 7 7 - 1 7 9 * 0 ) .
E l e m e n t a l  a n a l y s i s  gave  0 = 5 5 . 7 9 ,  H = 8 .5 3 ,  N = 8 .2 0 ;  c a l c .  f o r
OsHisNOs, 0 = 5 5 . 4 9 ,  H = 8 .6 7 ,  N = 8 .0 9 .
1 H n . m . r .  ( d e - D M S O ) :  0 . 8 4 - 0 . 9 0  ( d d ,  6H, 2x OHa) ;  1 . 4 8 - 1 . 5 1
( d d ,  2H, B-OH2 ) ;  1 . 5 4 - 1 . 6 7  (m, 1H , - Ç H - (OH3 ) 2 ) ;  4 . 1 6 - 4 . 2 3
(m, 1H, a -O H ) ;  9 .0 7  ( d ,  1H, N - H ) .
i . r . :  3320 ( s ,  N-H a m i d e ) ;  1700 ( s ,  0=0 a m i d e ) ;  1620 ( s ,  CO2 H ) .  
N - A c e t v l - i s o l e u c i n e  ( 4 2 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  i s o l e u c i n e ,  w h ic h  gave ( 4 2 )  as 
w h i t e  c r y s t a l s  ( 1 . 4 g ,  81%), m . p . 146 *0  ( L i t . i  m . p . 1 5 0 * 0 ) .
E le m e n t a l  a n a l y s i s  gave  0 = 5 5 . 6 5 ,  H = 8 .8 9 ,  N = 8 .1 4 ;  c a l c .  f o r
O 8 H 1 5 N O 3 ,  0 = 5 5 . 4 9 ,  H = 8 .6 7 ,  N = 8 .0 9 .
i . r . :  3330 (m, N-H a m i d e ) ;  1730 ( s ,  0=0 a m i d e ) ;  1620 (w, OO2 H ) .  
N - A c e t y l - p h e n v l a l a n i ne ( 4 3 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  p h e n y l a l a n i n e ,  w h ic h  gave ( 4 3 )  
as w h i t e  c r y s t a l s  ( 1 . 8 g ,  87%),  m . p . 146 *0  ( L i t . i  m . p . 1 4 7 * 0 ) .  
E l e m e n t a l  a n a l y s i s  gave 0 = 6 3 . 6 7 ,  H = 6 .0 5 ,  N = 6 ,8 0 ;  c a l c .  f o r
O1 1 H1 3 NO3 , 0 = 6 3 . 7 7 ,  H = 6 .2 8 ,  N = 6 .7 6 .
i . r . :  3340 (w,  N-H a m i d e ) ;  1730 ( s ,  0=0 a m i d e ) ;  1600 (m, CO2 H ) .
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N - A c e t y 1 - t v r o s 1 n e  ( 4 4 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  t y r o s i n e ,  w h i c h  gave ( 4 4 )  as 
w h i t e  c r y s t a l s  ( 2 . 0 g ,  90%),  m . p . 1 6 7 - 1 6 9 * 0  ( L i t . i  m . p . 1 6 8 - 1 7 0 * 0 ) .  
E l e m e n t a l  a n a l y s i s  gave  0 = 5 9 . 3 2 ,  H = 5 .6 4 ,  N = 6 .3 0 ;  c a l c .  f o r
O 1 1 H 1 3 N O 3 ,  0 = 5 9 . 1 9 ,  H = 5 . 8 3 ,  N = 6 .2 8 .
i . r . :  3345 (w,  N-H a m i d e ) ;  1720 ( s ,  0=0 a m i d e ) ;  1610 (m, OO2 H ) .  
N - A c e t y 1 - m e t h i o n i n e  ( 4 5 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  m e t h i o n i n e ,  w h i c h  gave ( 4 5 )  as
w h i t e  c r y s t a l s  ( 1 . 5 g ,  79%), m . p . 1 0 2 - 1 0 5 * 0  ( L i t . i  m .p .  1 0 4 - 1 0 7 * 0 ) .
E l e m e n t a l  a n a l y s i s  gave  0 = 4 3 . 8 6 ,  H = 6 .9 2 ,  N = 7 .3 1 ;  c a l c .  f o r
O 7 H 1 3 N O 3 S ,  0 = 4 3 . 9 8 ,  H = 6 . 8 1 ,  N = 7 .3 3 .
i . r . :  3330 (w ,  N-H a m i d e ) ;  1730 ( s ,  0=0 a m i d e ) ;  1600 (m, CO2 H ) .  
N - A c e t y l - t h r e o n 1 ne ( 4 6 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  t h r e o n i n e ,  w h i c h  gave  ( 4 6 )  as 
w h i t e  c r y s t a l s  ( 1 . 7 g ,  76%),  m . p . 1 3 0 - 1 * 0  ( L i t . i  m . p . 1 3 0 * 0 ) .
E le m e n t a l  a n a l y s i s  gave  0 = 4 4 . 9 1 ,  H = 6 .9 1 ,  N = 8 .8 6 ;  c a l c .  f o r
O6 H1 1 NO4 , 0 = 4 4 . 7 2 ,  H = 6 . 8 3 ,  N = 8 .7 0 .
i . r . :  3400 (m, N-H a m i d e ) ;  1735 ( s ,  0=0 a m i d e ) ;  1595 ( s ,  OO2 H ) .  
N - A c e t y l - s e r i ne ( 4 7 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  s e r i n e ,  w h i c h  gave ( 4 7 )  as 
w h i t e  c r y s t a l s  ( 1 . 2 g ,  82% ),  m . p . 1 3 0 -1 3 2 * 0  ( L i t . 2 m . p . 1 3 2 * 0 ) .  
E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 8 3 ,  H = 6 .3 7 ,  N = 9 .6 9 ;  c a l c .  f o r
O5 H9 NO4 , 0 = 4 0 . 8 2 ,  H = 6 . 1 2 ,  N = 9 .5 2 .
N - A c e t v l - c v s t e i ne ( 4 8 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  c y s t e i n e ,  w h i c h  gave ( 4 8 )  as 
w h i t e  c r y s t a l s  ( 1 . 4 g ,  86% ),  m . p . 1 0 8 -1 1 0 * 0  ( L i t . i  m . p . 1 0 9 - 1 1 1 * 0 ) .  
E l e m e n t a l  a n a l y s i s  gave  0 = 3 6 . 5 3 ,  H = 5 .8 1 ,  N = 8 .5 3 ;  c a l c .  f o r
O5 H9 NO3 S, 0 = 3 6 . 8 1 ,  H = 5 .5 2 ,  N = 8 .5 9 .
i . r . :  3325 (m, N-H a m i d e ) ;  1740 ( s ,  0=0 a m id e ) ;  1620 (w, OO2 H ) .  
N - A c e t y 1 - g l y c v l g l y c i n e  ( 4 9 )
P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  g l y c y 1g l y c i n e , w h i c h  gave  ( 4 9 )  
as w h i t e  c r y s t a l s  ( 1 . 5 g ,  86% ),  m . p . 124 *0  ( L i t . 2 m .p .  1 2 4 - 1 2 6 * 0 ) .  
E l e m e n t a l  a n a l y s i s  gave  0 = 5 3 . 4 7 ,  H = 7 .8 2 ,  N = 2 1 .0 5 ;  c a l c .  f o r
O 6 H 1 0 N 2 O 4 ,  0 = 5 3 . 7 3 ,  H = 7 . 4 6 ,  N = 2 0 .9 0 .
N - A c e t y 1- B - a l a n i ne ( 5 0 )
P r o c e d u r e  2 . 3 , 4 . 2  was f o l l o w e d  u s i n g  P - a l a n i n e ,  w h i c h  gave ( 5 0 )  as 
w h i t e  c r y s t a l s  ( 1 . 2 g ,  92%),  m . p . 1 4 4 - 6 * 0 .  E l e m e n t a l  a n a l y s i s  gave 
0 = 4 5 . 5 4 ,  H = 6 .7 0 ,  N = 1 0 .2 7 ;  c a l c ,  f o r  OsHsNOs, 0 = 4 5 . 8 0 ,  H = 6 .8 7 ,  
N = 1 0 .6 9 .
N - A c e t y 1 - Q - a m in o  i s o b u t y r i c  a c i d  ( 5 1 )
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P r o c e d u r e  2 . 3 . 4 . 2  was f o l l o w e d  u s i n g  a - a m in o  i s o b u t y r i c  a c i d ,  w h i c h  
gave  ( 5 1 )  as w h i t e  c r y s t a l s  ( 1 . 3 g ,  90%),  m .p .1 9 0 * C  ( L i t . 2 
m . p . 1 8 9 - 1 9 1 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 9 . 4 4 ,  H = 7 .5 6 ,  N = 9 .7 6 ;
c a l c ,  f o r  O 6 H 1 1 N O 3 ,  0 = 4 9 . 6 6 ,  H = 7 .5 9 ,  N = 9 .66 .
2 . 3 . 4 . 3  N - B e n z o v l - a m i n o  a c i d s
To a s t i r r e d  s o l u t i o n  o f  t h e  a p p r o p r i a t e  am ino  a c i d  ( lO m m o l )  i n  
4M aqueous  s o d iu m  h y d r o x i d e  s o l u t i o n  ( 2 5 m l )  was added f r e s h l y  
d i s t i l l e d  b e n z o y l  c h l o r i d e  ( 1 . 8 g ,  1 . 5 m l ,  l l m m o l )  i n  5 p o r t i o n s .  The 
m i x t u r e  was t h e n  s t i r r e d  f o r  an h o u r .  O rushed  i c e  ( 1 g )  was added t o  
t h e  s o l u t i o n  and by t h e  s l o w  a d d i t i o n  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  
a c i d  t h e  s o l u t i o n  was a c i d i f i e d  (pH 6 ) .  The r e s u l t i n g  c r y s t a l l i n e  
p r e c i p i t a t e  was f i l t e r e d  and washed w i t h  i c e - c o l d  w a t e r .  The s o l i d  
was b o i l e d  g e n t l y  f o r  10 m i n u t e s  i n  c a r b o n  t e t r a c h l o r i d e  ( 1 5 m l )  t o  
e x t r a c t  b e n z o i c  a c i d ,  a l l o w e d  t o  c o o l  b e f o r e  b e i n g  f i l t e r e d  and 
washed w i t h  c o l d  c a r b o n  t e t r a c h l o r i d e  ( 5 m l ) .  The r e s u l t i n g  s o l i d  
was t h e n  r e c r y s t a l l i s e d  f r o m  w a t e r  o r  aqueous  e t h a n o l  and d r i e d  i n  
a vacuum oven  ( 6 0 * C )  o v e r n i g h t .
N - B e n z o v l - G l v c i ne ( 5 2 )
P r o c e d u r e  2 . 3 . 4 . 3  was f o l l o w e d  u s i n g  g l y c i n e ,  w h ic h  gave ( 5 2 )  as 
w h i t e  c r y s t a l s  ( 1 . 5 g ,  78%),  m . p . 1 8 5 - 1 8 7 * 0  ( L i t . i  m . p . 1 8 7 * 0 ) .  
E l e m e n t a l  a n a l y s i s  gave  0 = 6 2 . 4 9 ,  H = 5 .9 4 ,  N = 7 .0 7 ;  c a l c ,  f o r
O 1 0 H 1 1 N O 3 ,  0 = 6 2 , 1 7 ,  H = 5 .7 0 ,  N = 7 .2 5 .
i . r . :  3 6 0 0 -3 2 0 0  ( s  & b ,  OH a c i d ) ;  1690 ( s ,  0=0 a m id e ) ;  1600 (m, 0=0 
a c i d ) .
N - B e n z o v l - S a r c o s i n e  ( 5 3 )
P r o c e d u r e  2 . 3 . 4 . 3  was f o l l o w e d  u s i n g  s a r c o s i n e ,  w h i c h  gave ( 5 3 )  as 
w h i t e  c r y s t a l s  ( 1 . 7 g ,  82%), m . p . 102*0  ( L i t . i  m . p . 1 0 4 * 0 ) .
E l e m e n t a l  a n a l y s i s  gave  0 = 5 3 . 0 5 ,  H = 6 .3 4 ,  N = 7 .0 0 ;  c a l c .  f o r
O1 1 H1 3 NO3 , 0 = 5 3 . 1 4 ,  H = 6 .2 8 ,  N = 6 .7 6 .
i . r . :  3 5 8 0 -3 2 3 0  ( s  & b ,  OH a c i d ) ;  1695 ( s ,  0=0  a m id e ) ;  1610 (m, 0=0 
a c i d ) .
2 . 3 . 4 . 4  N -F o rm y 1 -a m i  no a c i d s
The am ino  a c i d  ( lO m m o l )  and f o r m i c  a c i d  ( 2 1 m l )  were  m ix ed  and 
a c e t i c  a n h y d r i d e  ( 7 m l )  added d r o p w i s e  o v e r  a p e r i o d  o f  5 m i n u t e s .  
The t e m p e r a t u r e  was m a i n t a i n e d  be tween  5 - 1 5 * 0  by means o f  an
i c e - b a t h .  The r e a c t i o n  m i x t u r e  was s t i r r e d  f o r  an h o u r  a t  room
t e m p e r a t u r e  and d i l u t e d  w i t h  i c e d  w a t e r  ( 8 m l ) .  The r e s u l t i n g
s o l u t i o n  was e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e  and t h e  
r e s i d u e  was r e c r y s t a l l i s e d  f r o m  w a t e r  o r  aqueous  e t h a n o l  t h e n  d r i e d  
i n  a vacuum d e s s i c a t o r .
N - F o r m y 1 - g l v c i ne ( 5 4 )
P r o c e d u r e  2 . 3 . 4 . 4  was f o l l o w e d  u s i n g  g l y c i n e ,  w h i c h  gave ( 5 4 )  as 
w h i t e  c r y s t a l s  ( 0 . 8 7 g ,  84%),  m . p . 15 1 -1 5 2 °  0 ( L i t . i  m .p .
1 5 3 - 1 5 4 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 5 . 1 2 ,  H = 5 .1 8 ,  N = 1 3 .5 7 ;  c a l c ,  
f o r  O 3 H 5 N O 3 ,  0 = 3 4 . 9 5 ,  H = 4 . 8 5 ,  N = 1 3 .5 9 .
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iH  n . m . r .  (de-DMSO);  3 . 8 2  ( d ,  2H, a -CH a) ;  8 . 0 8  ( s ,  1H,
H - C = 0 ) ;  8 . 3 0  ( s ,  1H, N - H ) .
N - F o r m v l - g 1 v c v 1g l v c i ne ( 5 5 )
P r o c e d u r e  2 . 3 . 4 . 4  was f o l l o w e d  u s i n g  g l y c y 1g l y c i n e , w h i c h  gave  ( 5 5 )  
as w h i t e  c r y s t a l s  ( 1 . 2 1 g ,  75%),  m . p . 1 3 4 - 7 * 0 .  E l e m e n t a l  a n a l y s i s  
gave  0 = 3 7 . 2 3 ,  H = 5 .2 9 ,  N = 1 7 .3 6 ;  c a l c ,  f o r  O5 H8 N2 O4 , 0 = 3 7 . 5 0 ,
H = 5 .0 0 ,  N = 1 7 .5 0 .
iH  n . m . r .  (de-DMSO):  3 . 8 0  (m, 4H, 2x a -O H a ) ;  9 . 1 0  ( s ,  1H,
H - 0 = 0 ) ;  9 . 2 5  ( d ,  2H , 2x N - H ) .
2 . 3 . 4 . 5  S a r c o s i n e . H C l  ( 5 6 )
To a s t i r r e d  s o l u t i o n  o f  t h e  f r e e  base ( 1 . 5 g ,  12mmol) i n  w a t e r  
( 3 0 m l )  was added c o n c e n t r a t e d  HOI ( 4 m l ) .  The m i x t u r e  was s t i r r e d  a t  
room t e m p e r a t u r e  f o r  an h o u r  b e f o r e  e v a p o r a t i o n  t o  d r y n e s s  u n d e r  
vacuum. The r e s i d u e  was r e d i s s o l v e d  i n  m e th a n o l  and e v a p o r a t e d  t o  
d r y n e s s .  The r e s u l t i n g  y e l l o w  s o l i d  was r e c r y s t a l l i s e d  f r o m  
m e t h a n o l ,  f i l t e r e d ,  washed w i t h  d r y  e t h e r  and d r i e d  o v e r  s o d iu m  
h y d r o x i d e  p e l l e t s .  A w h i t e  s o l i d  ( 5 6 )  was o b t a i n e d  ( 2 . 0 g ,  95%),
m . p . 1 6 8 *0  ( L i t . i  m .p .  1 6 8 - 1 7 0 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 
0 = 2 8 . 6 1 ,  H = 4 .4 1 ,  N = 1 1 .1 3 ;  c a l c .  f o r  C3 H6 NO2 O I ,  0 = 2 8 . 3 5 ,
H = 4 .7 2 ,  N = 1 1 .0 2 .
2 . 3 . 4 . 6  G l v c v l g l v c i n a m i d e  ( 5 7 )
G l y c y 1g l y c i ne ( I . O g ,  7 .6 m m o l )  was s us pe nded  i n  m e th a n o l  ( 2 0 m l ) ,  
w h e re upon  f r e s h l y  d i s t i l l e d  t h i o n y l  c h l o r i d e  ( 5 m l )  was added 
d r o p w i s e  w i t h  s t i r r i n g  o v e r  a p e r i o d  o f  30 m i n u t e s ,  t o  t h e  c o o l e d  
s o l u t i o n .  A f t e r  a l l o w i n g  t h e  r e a c t i o n  m i x t u r e  t o  s t i r  f o r  a f u r t h e r  
h o u r ,  e x c e s s  gaseous  ammonia ( f r o m  a c y l i n d e r )  was b u b b le d  t h r o u g h  
t h e  s o l u t i o n  w i t h  v i g o r o u s  s t i r r i n g .
The r e s u l t i n g  w h i t e  p r o d u c t  was f i l t e r e d  and washed w i t h  e x c e s s  d r y  
e t h e r ,  and p u r i f i e d  by h . p . l . c . .  A f t e r  f r e e z e  d r y i n g  o f  t h e  
a p p r o p r i a t e  h . p . l . c .  f r a c t i o n s ,  t h e  p r o d u c t  was r e c r y s t a l l i s e d  f r o m  
aqueous  e t h a n o l  and d r i e d  i n  a vacuum d e s s i c a t o r ,  y i e l d i n g  a w h i t e  
s o l i d  ( 5 7 )  ( 0 . 8 5 g ,  87%) m . p . 1 3 2 - 4 * 0  ( L i t . i  m . p . 1 3 4 * 0 ) .  E l e m e n t a l  
a n a l y s i s  gave 0 = 3 6 . 5 4 ,  H = 6 .8 6 ,  N = 3 2 .2 6 ;  c a l c ,  f o r  O 4 H 9 N 3 O 2 ,
0 = 3 6 . 6 4 ,  H = 6 .8 7 ,  N = 3 2 .0 6 .
1 H n . m . r .  (D2 O ) :  3 . 9 3  ( s ,  2 H , a - 0 H 2 ) ;  4 .11  ( s ,  2H, a - 0 H 2 ) .
i . r . :  3330 (w ,  N-H a m i d e ) ;  1740 ( s ,  NH2-0=0 c a r b o n y l ) ;  1670 
( s , - N H - 0 = 0  c a r b o n y l ) .
2 . 3 . 4 . 7  P h t h a l v l - g l y c i n e  ( 5 8 )
G l y c i n e  ( 1 5 g ,  0 . 2 m o l )  was h e a te d  w i t h  p h t h a l i c  a n h y d r i d e  ( 3 0 g ,
0 . 2 0 3 m o l )  t o  1 6 0 - 1 7 0 * 0  w i t h  v i g o r o u s  s t i r r i n g  f o r  30 m i n u t e s .  The 
m o l t e n  m i x t u r e  was a l l o w e d  t o  c o o l ,  b e f o r e  b e i n g  r e c r y s t a l l i s e d  
f r o m  w a t e r .  The w h i t e  s o l i d  ( 5 8 )  was f i l t e r e d ,  washed w i t h  i c e  c o l d  
w a t e r  and d r i e d  i n  a d e s s i c a t o r  ( 3 7 g ,  90%), m . p . 1 9 2 - 1 9 3 * 0  ( L i t . i  
m . p . 1 9 2 - 1 9 4 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 5 8 . 2 1 ,  H = 3 .7 3 ,  N = 6 .5 6 ;
c a l c ,  f o r  O 1 0 H 7 N O 4 ,  0 = 5 8 . 5 4 ,  H = 3 .4 1 ,  N = 6 .8 3 .
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1H n . m . r .  (de-DMSO);  4 . 3 9  (m, 2H, a -C H g ) ;  8 . 1 0 - 8 . 3 5  (m, 4H ,
0-H ) .
i . r . :  3 6 0 0 -3 4 5 0  (m, 0 -H  a c i d ) ;  1735 ( s ,  0=C-N-C=0  c a r b o n y l ) ;  1600
(m, 0=0 a c i d ) .
2 . 3 . 4 . 8  P h t h a l v l - g l v c i n e  c h l o r i d e  ( 5 9 )
P h t h a l y l - g l y c i n e  ( 5 8 )  ( 3 5 g ,  0 . 1 7 m o l )  was p l a c e d  i n  a f l a s k  and 
t h i o n y l  c h l o r i d e  ( 1 0 m l )  was added d r o p w is e  o v e r  a 5 m i n u t e  p e r i o d .  
The s o l u t i o n  was t h e n  h e a t e d  u n d e r  r e f l u x  f o r  30 m i n u t e s .  E xce ss  
t h i o n y l  c h l o r i d e  was e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e ,  and t h e  
s o l i d  was r e c r y s t a l l i s e d  f r o m  6 0 -8 0  p e t  e t h e r ,  f i l t e r e d  and d r i e d  
i n  a d e s s i c a t o r  r e s u l t i n g  i n  a w h i t e  pow der  ( 5 9 )  ( 3 6 . 4g ,  95%),
m . p . 8 3 * 0  ( L i t . i  m . p . 8 3 - 8 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 2 . 9 8 ,  
H = 3 .0 1 ,  N = 6 .1 2 ;  c a l c .  f o r  O ioHeNOsOl,  0 = 5 3 . 3 7 ,  H = 2 .6 8 ,
N = 6 .2 5 .
1H n . m . r .  (de-DMSO):  4 . 4 9  (m, 2H, a -O H z ) ;  8 . 1 2 - 8 . 3 0  (m, 4H ,
0 - H ) .
i . r . :  1810 ( s ,  0=0 a c i d  c h l o r i d e ) ;  1740 ( s ,  0 = 0 - N - 0 = 0 ) .
2 . 3 . 4 . 9  G l v c v l - a m i n o  a c i d s :  M e thod  A
To a s t i r r e d  s o l u t i o n  o f  p h t h a l y l - g l y c i n e  c h l o r i d e  ( 5 9 )  ( 1 g ,
4 .5 m m o l )  i n  d r y  d i o x a n  ( 1 0 m l )  was added a s o l u t i o n  o f  t h e  
a p p r o p r i a t e  am ino  a c i d  e s t e r  (5mmol)  i n  DMF ( 1 0 m l ) .  The m i x t u r e  was 
a l l o w e d  t o  s t i r  f o r  a t  l e a s t  6 h o u r s .  ( T h i s  e s t e r  s o l u t i o n  i s  
p r e p a r e d  by d i s s o l v i n g  t h e  h y d r o c h l o r i d e  s a l t  i n  DMF w i t h  e x c e s s  
t r i e t h y l  ami n e . T h i s  f o r m s  an i n s o l u b l e  s a l t  w h i c h  i s  f i l t e r e d  o f f ,
t h u s  l e a v i n g  t h e  f r e e  e s t e r  i n  s o l u t i o n ) .  E x c e s s  d i o x a n  and DMF
were  removed u n d e r  vacuum, r e s u l t i n g  i n  a v i s c o u s  l i q u i d ,  w h i c h  on 
c o o l i n g  so m e t im e s  r e s u l t e d  i n  c r y s t a l s .  The e s t e r  g r o u p  was removed 
by d i s s o l v i n g  t h e  p r o t e c t e d  d i p e p t i d e  i n  30% KOH ( 1 : 1  o f
w a t e r  : m e t h a n o l ) and s t i r r i n g  f o r  30 m i n u t e s .  The medium was
n e u t r a l i s e d  w i t h  c o n c .  H C l ,  h y d r a z i n e  h y d r a t e  ( 0 . 5 m l )  was added and 
t h e  m i x t u r e  was s t i r r e d  f o r  48 h o u r s  t o  remove t h e  p h t h a l y l  
p r o t e c t i n g  g r o u p .  The s o l v e n t s  we re  removed u n d e r  vacuum, and t h e  
s o l i d  washed w i t h  m e th a n o l  t o  remove t h e  p h t h a l a t e  h y d r a z i d e ,  t h e  
r e m a i n i n g  s o l i d  was p u r i f i e d  by HPLC. The f r e e z e  d r i e d  p o o le d  
f r a c t i o n s  we re  r e c r y s t a l l i s e d  f r o m  e t h a n o l  o r  aqueous  e t h a n o l  t o  
y i e l d  a w h i t e  s o l i d  o r  c r y s t a l s .
2 . 3 . 4 . 1 0  G l v c v l - a m i n o  a c i d s :  M e th od  B
F m o c - g l y c i n e  ( 0 . 6 0 g ,  2mmol) was d i s s o l v e d  i n  a 
m i x t u r e  o f  d i c h l o r o m e t h a n e  ( 8 m l )  and DMF ( 4 m l )  w i t h  s t i r r i n g .  
D i c y c l o h e x y l c a r b o d i i m i d e  (DCCI)  ( 0 . 2 1 g ,  2mmol) was d i s s o l v e d  i n  5ml 
o f  DMF, added t o  t h e  s o l u t i o n  o f  F m o c - g l y c i n e  and s t i r r e d  f o r  30 
m i n u t e s .  T h i s  f o r m e d  t h e  s y m m e t r i c a l  a n h y d r i d e ,  and t h e  i n s o l u b l e  
b y - p r o d u c t  d i c y c l o h e x y l c a r b o u r e a  (DOU), w h i c h  was f i l t e r e d  o f f  and 
washed t w i c e  w i t h  a m i x t u r e  o f  DMF ( 2 . 5 m l )  and d i c h l o r o m e t h a n e  
( 2 . 5 m l ) .  The am ino  a c i d  e s t e r  h y d r o c h l o r i d e  ( 2 .1 m m o l )  was d i s s o l v e d  
i n  DMF ( 1 0 m l )  and t r i e t h y l a m i n e  was added i n  s l i g h t  e x c e s s .  The 
r e s u l t i n g  t r i e t h y 1ammoniurn h y d r o g e n  c h l o r i d e  was f i l t e r e d  o f f  and 
washed w i t h  DMF (2  x 3 m l ) .  The r e s u l t i n g  p o o l e d  s o l u t i o n  c o n t a i n e d
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t h e  f r e e  base  ( i e ;  pH 9 ) .  The a f o r e g o i n g  com b in e d  DMF s o l u t i o n s  
c o n t a i n i n g  t h e  f r e e  base w e re  added t o  t h e  s o l u t i o n  o f  t h e
a n h y d r i d e  and s t i r r e d  f o r  a n o t h e r  30 m i n u t e s .  The m i x t u r e  was t h e n
p o u r e d  i n t o  an e x c e s s  o f  d r y  d i e t h y l  e t h e r  and s t i r r e d  f o r  an h o u r .
The r e s u l t i n g  w h i t e  p r o d u c t  was f i l t e r e d  and r e d i s s o l v e d  i n  DMF
( 5 m l )  c o n t a i n i n g  20% p i p e r i d i n e ,  and s t i r r e d  f o r  4 h o u r s .  T h i s  
removed b o t h  t h e  Fmoc- and e s t e r  p r o t e c t i n g  g r o u p s .  The r e s u l t i n g  
s o l u t i o n  was added t o  a l a r g e  e x c e s s  o f  d r y  e t h e r  w h i c h  r e s u l t e d  i n  
p r e c i p i t a t i o n  o f  t h e  d e p r o t e c t e d  d i p e p t i d e ,  t h i s  was f i l t e r e d  and 
washed w i t h  d r y  e t h e r .  The c r u d e  d i p e p t i d e  was d i s s o l v e d  i n  w a t e r  
( 2 m l )  and p u r i f i e d  by  h . p . l . c . .  The f r e e z e  d r i e d  p o o le d  f r a c t i o n s  
we re  r e c r y s t a l l i s e d  f r o m  e t h a n o l  o r  aqueous  e t h a n o l ,  y i e l d i n g  a 
w h i t e  pow der  o r  c r y s t a l s .
G l y c v l s a r c o s i ne ( 6 0 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  s a r c o s i n e  e t h y l  e s t e r . H C l
( 2 9 ) ,  w h i c h  gave  ( 6 0 )  as  w h i t e  c r y s t a l s  ( 0 . 5 7 g ,  87%),  m .p . 2 1 9 ° C
( L i t . 2 m . p . 2 2 0 ° C ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 8 6 ,  H = 6 .7 2 ,
N = 1 9 .0 4 ;  c a l c ,  f o r  C5 H1 0 N2 O3 , 0 = 4 1 . 1 0 ,  H = 6 .8 5 ,  N = 1 9 .1 8 .
1 H n . m . r .  (D2 O ) :  3 . 0 4  ( s ,  3 H , - C H s ) ;  3 . 9 0  ( s ,  2H , a - C H z ) ;
3 . 9 6  ( s ,  2H, a-CH2 ) .
G l v c v l - G - a l a n i n e  ( 6 1 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  3 - a l a n i n e  e t h y l  e s t e r . H C l
( 2 7 ) ,  w h i c h  gave ( 6 1 )  as w h i t e  c r y s t a l s  ( 0 . 5 8 g ,  88%),  m . p . 1 8 9 - 1 9 0 * 0  
( L i t . 2 m . p . 1 9 0 - 1 9 1 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 7 5 ,  H = 6 .9 9 ,
N = 1 8 .9 5 ;  c a l c ,  f o r  C 5 H 1 0 N 2 O 3 ,  0 = 4 1 . 1 0 ,  H = 6 .8 5 ,  N = 1 9 .1 8 .
1 H n . m . r .  (D2 O ) :  2 . 4 0  ( t ,  2H, 3 -OH2 ) ;  3 . 4 5  ( t ,  2H, a -O H s ) ;
3 . 7 8  ( s ,  2H, a - 0 H 2 ) .
Gl v c v l a l a n i ne ( 6 2 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  a l a n i n e  e t h y l  e s t e r . H O I  ( 4 ) ,  
w h i c h  gave  ( 6 2 )  as  w h i t e  c r y s t a l s  ( 0 . 5 9 g ,  90%), m . p . 2 3 3 - 2 3 5 * 0
( L i t . 2 m . p . 2 3 5 - 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 9 3 ,  H = 6 .7 8 ,
N = 1 9 .2 7 ;  c a l c ,  f o r  O5 H1 0 N2 O3 , 0 = 4 1 . 1 0 ,  H = 6 .8 5 ,  N = 1 9 .1 8 .
1 H n . m . r .  (D2 O ) :  1 .3 6  ( d ,  3 H , -OH3 ) :  3 . 8 5  ( s ,  2H, a -O H s ) ;
4 . 1 8  ( q ,  1H, a -O H ) .
[ a ] =  - 5 0 . 8 ;  ( L i t . 2 [ a ] 2 5 =  - 5 1 . 0  (2% i n  H2 O ) ) .
G l v c v l - D - a l a n i ne ( 6 2 a )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  D - a l a n i n e  e t h y l  e s t e r . H O I  
( 4 a ) ,  w h i c h  gave ( 6 2 a )  as w h i t e  c r y s t a l s  ( 0 . 5 1 g ,  78%), m . p . 1 9 4 - 7 * 0 .  
E l e m e n t a l  a n a l y s i s  gave 0 = 4 0 . 9 8 ,  H = 7 .0 1 ,  N = 1 9 .2 3 ;  c a l c .  f o r
O5 H1 0 N2 O3 , 0 = 4 1 . 1 0 ,  H = 6 .8 5 ,  N = 1 9 .1 8 .
1 H n . m . r .  (D2 O ) ;  1 .3 9  ( d ,  3 H , -OH3 ) :  3 ,91  ( s ,  2H , a -O H z ) ;
4 . 2 3  ( q ,  1H, a -O H ) .
G l v c v l - a - a m i n o  b u t v r a t e  ( 6 3 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  a - a m in o  b u t y r i c  e t h y l  
e s t e r . H O I  ( 5 ) ,  w h i c h  gave  ( 6 3 )  as a w h i t e  pow de r  ( 0 . 6 8 g ,  94%),
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m . p . 2 2 1 - 2 ° C .  E l e m e n t a l  a n a l y s i s  gave C = 4 5 .0 2 ,  H = 7 . 8 9 ,  N = 8 .4 7 ;  c a l c ,  
f o r  C e H i2 N2 O3 , C = 4 5 .0 0 ,  H = 7 .5 0 ,  N = 8 .7 5 .
■*H n . m . r .  (D2 O ) ;  0 . 9 8  ( t ,  3H, CH3 ) ; 1 . 6 8  (m, 2H,
-CH2 -CH3 1: 2 . 0 9 - 2 . 1 6  (m, 2H, 3 -CH2 ) ;  3 . 7 0  ( t ,  1H, a -CH)
3 . 8 5  ( s ,  2H, a-CH2 ) .
[ a ] =  - 3 1 . 3 ;  (Lit.2 [ a ] 2 S= - 3 1 . 0  (2% i n  H2 O ) ) .
G l v c v l - 4 - a m i n o - b u t v r a t e  ( 6 4 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  4 - a m in o  b u t y r i c  e s t e r . H C l
( 2 8 ) ,  w h i c h  gave  ( 6 4 )  as a w h i t e  p ow de r  ( 0 . 6 1 g ,  85%),
m . p . 1 9 8 - 2 0 0 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 5 . 0 4 ,  H = 7 .3 5 ,  N = 8 .3 9 ;
c a l c ,  f o r  O 6 H 1 2 N 2 O 3 ,  0 = 4 5 . 0 0 ,  H = 7 .5 0 ,  N = 8 .7 5 .
1H n . m . r .  (D2 O ) :  1 . 6 5 - 1 . 9 5  (m, 2H, -OH2 -OH2 -OH2 - ) :  2 . 2 5  
( t ,  2H, -OH2 -OO2 H ) :  3 . 0 6  ( t ,  2H, a-CH2 ) ;  3 . 8 3  ( s ,  2H,
a-OHa ) .
G l v c v l - a - a m i n o - i s o b u t v r a t e  (6 5  )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  a - a m in o  i s o b u t y r i c  e t h y l  
e s t e r . H O I  ( 5 ) ,  w h i c h  gave  ( 6 5 )  as a w h i t e  c r y s t a l s  ( 0 . 5 8 g ,  81%),
m . p . 1 4 5 - 7 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 5 . 1 3 ,  H = 7 .5 9 ,  N = 8 .8 0 ;  c a l c ,  
f o r  C6 H1 2 N2 O3 , 0 = 4 5 . 0 0 ,  H = 7 .5 0 ,  N = 8 .7 5 .
1 H n . m . r .  (D2 O ) :  1 .4 2  ( d ,  6H, 2x OH3 ) ;  3 . 8 8  ( s ,  2H, a -O H a ) .
G l v c v l v a l i n e  ( 6 6 )
P r o c e d u r e  2 , 3 . 4 . 9  was f o l l o w e d  u s i n g  v a l i n e  e t h y l  e s t e r . H O I  ( 6 ) ,  
w h i c h  gave  ( 6 6 )  as w h i t e  c r y s t a l s  ( 0 . 6 8 g ,  87%),  m . p . 2 0 5 - 2 0 7 * 0
( L i t . 2 m . p . 2 0 7 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 8 . 0 0 ,  H = 7 .9 3 ,
N = 1 6 .2 2 ;  c a l c ,  f o r  O7 H1 4 N2 O3 , 0 = 4 8 . 2 8 ,  H = 8 .0 5 ,  N = 1 6 .0 9 .
1 H n . m . r .  (D2 O ) :  0 .9 1  ( q ,  6 H , 2x OH3 ) ;  2 . 0 8 - 2 . 2 0  (m, 1H,
6 -O H ) ;  3 . 8 7  ( s ,  2H , a -O H a ) ;  4 . 1 0  ( d ,  1H, a -O H ) .
[ a ] =  - 2 0 . 3 ;  ( L i t . 2 [ a ] 2 5 = - 1 9 . 9  ( 2 % i n  H 2 O ) ) .
G l v c v l l e u c i n e  ( 6 7 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  l e u c i n e  e t h y l  e s t e r . H O I  ( 7 ) ,  
w h i c h  gave ( 6 7 )  as w h i t e  c r y s t a l s  ( 0 . 7 5 g ,  89%),  m . p . 2 6 2 - 2 6 5 * 0
( L i t . 2 m . p . 2 6 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 1 . 1 6 ,  H = 8 .6 1 ,
N = 1 4 .8 1 ;  c a l c ,  f o r  OeHieNaOa, 0 = 5 1 . 0 6 ,  H = 8 .5 1 ,  N = 1 4 .8 9 .
1H n . m . r .  (D2 O ) :  0 . 8 5 - 0 . 9 0  ( d d ,  6H, 2x -OH3 ) ;  1.55-1.65 (m,
3H, -OH2 - O H - ) ;  3 .81  ( s ,  2H, a -O H a ) ;  4 . 1 8  ( t ,  1H, a -O H ) .
[ a ] =  - 3 6 . 6 ;  (Lit.2 [ a ] 2 s =  - 3 6 . 3  (2% i n  H2 O ) ) .
G l v c v l i s o l e u c i n e  ( 6 8 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  i s o l e u c i n e  e t h y l  e s t e r . H O I
( 8 ) ,  w h i c h  gave  ( 6 8 )  as w h i t e  c r y s t a l s  ( 0 . 7 8 g ,  92%),  m . p . 1 7 3 - 1 7 6 * 0  
( L i t . 2 m . p . 1 7 5 - 7 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 0 . 8 8 ,  H = 8 .3 0 ,
N = 1 4 .9 4 ;  c a l c ,  f o r  OsHieNaOa,  0 = 5 1 . 0 6 ,  H = 8 .5 1 ,  N = 1 4 .8 9 .
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1H n . m . r .  (D2 O ) :  0 . 6 - 0 . 9  (m, 6H, 2x CHa) ;  1 . 0 7 - 1 . 4 4  (m, 2 H ,
- CH2 -OH3 ) ;  1 . 8 5  (m, 1H, p -C H ) ;  3 . 8 3  ( s ,  2H , a -C H a ) ;  4 . 1 0
{ d , 1H , a—OH ) .
[ a ] =  - 1 4 . 2 ;  ( L i t . 2 [ a ] 2 s= - 1 4 . 1  ( 2 % i n  H a O ) ) .
G l v c v l p h e n v l a l a n i n e  ( 6 9 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  p h e n y l a l a n i n e  e t h y l  e s t e r . H C l
( 9 ) ,  w h i c h  gave  ( 6 9 )  as w h i t e  c r y s t a l s  ( 0 . 8 5 g ,  85%),  m . p . 2 6 3 - 5 * 0  
( L i t . 2 m . p . 2 6 4 - 2 6 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 9 . 3 2 ,  H = 6 .2 8 ,  
N = 1 2 .4 4 ;  c a l c ,  f o r  Oi 1 Hi 4 N2 O3 , 0 = 5 9 . 4 6 ,  H = 6 . 3 1 ,  N = 1 2 .6 1 .
iH  n . m . r .  (D2 O ) :  2 . 8 7 - 3 . 2 2  ( d d ,  2H, P-OH2 ) ;  3 . 6 0 - 3 . 7 7  ( q ,  2H , 
a -O H a ) ;  4 . 4 7  ( t ,  1H, a - O H ) ;  7 . 2 6 - 7 . 3 5  (m, 5H, 5x 0 - H ) .
[ a ] =  + 4 1 . 3 ;  ( L i t . 2 [ a ] 2 5 =  - 4 1 . 5  ( 2 % i n  H2 O ) ) .
G l v c v l - D - p h e n v l a l a n i n e  ( 6 9 a )
P r o c e d u r e  2 . 3 . 4 , 9  was f o l l o w e d  u s i n g  p h e n y l a l a n i n e  e t h y l  e s t e r . H O I  
( 9 a ) ,  w h i c h  gave  ( 6 9 a )  as  w h i t e  c r y s t a l s  ( 0 . 8 1 g ,  81%), m . p . 2 1 2 - 4 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = ,  H=, N=; c a l c ,  f o r  O1 1 H1 4 N2 O3 ,
0 = 5 9 . 4 6 ,  H = 6 .3 1 ,  N = 1 2 .6 1 .
1 H n . m . r .  (D2 O ) :  2 . 8 2 - 3 . 1 9  ( d d ,  2H, P-OH2 ) ;  3 . 5 5 - 3 . 7 5  ( q ,  2H , 
a -O H a ) ;  4 . 3 9  ( t ,  1H, a -O H ) ;  7 . 2 2 - 7 . 3 6  (m, 5 H , 5x 0 - H ) .
G l v c v 1t v r o s i ne ( 7 0 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  t y r o s i n e  m e th y l  e s t e r . H O I
( 1 0 ) ,  w h i c h  gave  ( 7 0 )  as w h i t e  c r y s t a l s  ( 0 . 8 8 g ,  82%),  m . p . 1 6 2 - 1 6 4 * 0  
( L i t . 2 m . p . 1 6 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 8 . 2 0 ,  H = 6 .4 9 ,  
N = 1 0 .2 1 ;  c a l c .  f o r  Oi 1 Hi 4 N2 O4 . 2HaO, 0 = 4 8 . 1 8 ,  H = 6 . 5 7 ,
N = 1 0 .2 2 .
1 H n . m . r  (D aO ) :  2 . 7 5 - 3 . 1 3  ( d d ,  2 H , P-OH2 ) ;  3 . 6 2 - 3 . 7 9  ( q ,  ( J =
18 H z ) ,  2H, a -O H a ) ;  4 . 1 4  ( t ,  1H, a -O H ) ;  6 .61  ( d ,  1H, 0 - H ) ;  7 .1 2
( d , 1H , 0 - H ) .
[ a ] =  + 4 3 . 5 ;  (1% i n  H2 O) ( L i t . *  [ a ] 2 s= + 4 4 . 0  (1% i n  H2 O ) ) .
G l y c y 1 - 3 . 4 - d i h v d r o x Y D h e n v l a l a n i ne ( 7 1 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  d i h y d r o x y p h e n y l a l a n i n e  e t h y l  
e s t e r . H O I  ( 1 1 ) ,  w h i c h  gave  ( 7 1 )  as a w h i t e  powder  ( 0 . 9 8 g ,  86%),
m . p . 1 5 5 - 6 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 5 1 . 9 6 ,  H = 5 .5 6 ,  N = 1 0 .7 7 ;
c a l c ,  f o r  O1 1 H1 4 N2 O5 , 0 = 5 1 . 9 7 ,  H = 5 .5 1 ,  N = 1 1 .0 2 .
1 H n . m . r .  (D2 O ) :  3 . 6 5  ( s ,  2H, a -O H a ) ;  3 . 1 4  ( d ,  2H, p -O H a) ;
3 .91  ( t ,  1H, a - O H ) ;  6 . 7 2  ( d ,  1H, 0 - H ) ;  6 . 8 7  ( s ,  1H, 0 - H ) ,  6 . 9 4  ( d ,
1H, 0 - H ) .
G l v c v l t r v t o p h a n  ( 7 2 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  t r y t o p h a n  e t h y l  e s t e r . H O I
( 1 2 ) ,  w h i c h  gave  ( 7 2 )  as  a w h i t e  pow der  ( l . l g ,  88%),  m . p . 1 5 6 - 1 5 7 * 0  
( L i t . 2 m . p . 1 5 8 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 6 . 2 9 ,  H = 6 .2 7 ,
N = 1 4 .8 1 ;  c a l c .  f o r  O i 3 Hi 5 NaO3 . HaO, 0 = 5 5 . 9 1 ,  H = 6 .0 9 ,
N = 1 5 .0 5 .
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 ^H n . m . r .  (de-DMSO):  3 . 0 2  (m, 2H , p -C H z ) ;  3 . 1 8 - 3 . 4 2  (m, 2H,
a - C H a ) ;  4 . 3 8  ( t ,  1H, a - C H ) ;  6 . 9 1 - 7 . 0 1  ( d d ,  2H, 2x 0 - H ) ;  7 .11  ( s ,  
1H, C = C -H ) ;  7 .2 9  ( d ,  1H, 0 - H ) ;  7 . 5 2  ( d ,  1H, 0 - H ) ;  8 . 2 7  ( s ,  1H,
0 - N - H ) ;  1 0 .8 6  ( s ,  1H, 0 = C - N - H ) .
[ a ] =  + 3 4 . 0 ;  (2% i n  5N HOT) ( L i t . 2 [ a ] 2 s= + 3 4 . 3  (2% i n  5N
H C l ) ) .
G l v c v l p r o l i n e  ( 7 3 )
P r o c e d u r e  2 . 3 . 4 . 9  was f o l l o w e d  u s i n g  p r o l i n e  m e t h y l  e s t e r . H C l  ( 3 3 ) ,
w h i c h  gave  ( 7 3 )  as a w h i t e  pow der  ( 0 . 6 5 g ,  84%),  m . p . 1 8 3 - 1 8 5 * 0
( L i t . 2 m . p . 1 8 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 8 . 7 4 ,  H = 7 .1 3 ,
N = 1 6 .1 5 ;  c a l c ,  f o r  O7 H1 2 N2 O3 , 0 = 4 8 . 8 4 ,  H = 6 .9 8 ,  N = 1 6 .2 8 .
1 H n . m . r .  (DaO ) :  1 . 8 0 - 2 . 0 3  (m, 2H, -O H a -OHa-OHa- ) :
2 . 0 9 - 2 . 3 7  (m, 2H, P -CHa) ;  3 . 5 1 - 3 . 6 4  (m, 2H , N -O H a -O H a - ) :
3 . 9 7  ( s ,  2H, a -O H a) ;  4 . 2 5  ( t ,  1H, a -O H ) .
[ a ] =  - 6 7 . 7 ;  ( L i t . 2 [ a ] 2 s= - 6 8 . 8  (2% i n  DMF)) .
G l v c v l h i s t i d i ne ( 7 4 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  h i s t i d i n e  m e t h y l  e s t e r . 2 H 0 1
( 1 3 ) ,  w h i c h  gave ( 7 4 )  as  a w h i t e  pow der  ( 0 . 5 1 g ,  89%), m .p .
1 7 3 - 1 7 5 * 0  ( L i t . 2 m . p . 1 7 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 3 3 . 5 2 ,  
H = 5 . 8 9 ,  N = 1 9 .9 0 ;  c a l c ,  f o r  Os Hi aN4 O3 . H O I . 2Ha0 ,  0 = 3 3 . 7 4 ,
H = 5 .9 8 ,  N = 1 9 .6 8 .
1 H n . m . r .  (DaO ) ;  3 . 0 7 - 3 . 2 2  (m ,2H ,  p -O H a) ;  3 . 8 0  ( s ,  2H,
a -O H a ) ;  4 .5 1  ( t ,  1H, a - C H ) ;  7 . 2 4  ( s ,  1H, 0 = 0 - H ) ;  9 .5 5  ( s ,  1H,
N=0-H)  .
[ a ] =  + 2 4 . 8 ;  ( L i t . 2 [ a ] 2 S= + 2 5 . 0  (2% i n  H a O ) ) .
G l v c v l a s p a r t i c  a c i d  ( 7 5 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  a s p a r t i c  d i e t h y l  e s t e r . H O I
( 3 1 ) ,  w h i c h  gave ( 7 5 )  as  w h i t e  c r y s t a l s  ( 0 . 3 5 g ,  92%),  m .p .
1 4 2 - 1 4 4 * 0  ( L i t . 2 m . p . 1 4 4 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 3 7 . 7 3 ,  
H = 5 .4 8 ,  N = 1 4 .4 4 ;  c a l c .  f o r  OsHioNaOs,  0 = 3 7 . 8 9 ,  H = 5 .2 6 ,
N = 1 4 .7 6 .
1 H n . m . r .  (DaO ) :  2 .2 7  ( d ,  2 H , p -O H a ) ;  3 .81  ( s ,  2H, a -O H a ) ;
4 . 5 7  ( t ,  1H, a -O H ) .
[ a ] =  + 1 2 . 1 ;  ( L i t . 2 [ a ] 2 5 =  + 1 2 . 5  (2% i n  H a O ) ) .
G l v c v l t h r e o n i ne ( 7 6 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  t h r e o n i n e  e t h y l  e s t e r . H O I
( 1 6 ) ,  w h i c h  gave  ( 7 6 )  as w h i t e  c r y s t a l s  ( 0 . 4 g ,  94%),  m . p . 1 0 9 - 1 1 1 * 0  
( L i t . 2 m . p . 1 1 1 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 4 . 0 6 ,  H = 7 .5 4 ,
N = 1 2 .8 8 ;  c a l c .  f o r  Os Hi aNaO4 . 2HaO, 0 = 3 3 . 9 6 ,  H = 7 . 5 5 ,
N=13.21 .
1 H n . m . r .  (DaO ) :  1 .17  ( d ,  3H, -OH3 ) ;  3 .8 9  ( s ,  2H , a -O H a ) ;
4 . 1 5  ( d ,  1H, a -O H ) ;  4 . 1 9 - 4 . 2 7  (m, 1H, P-OH).
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[ a ] =  “ 1 6 . 6 ;  ( L i t . 2 [ a ] 2  5= - 1 6 . 2  (2% i n  H a O ) ) .
G i v c v l g l u t a m i n e  i l l )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  g l u t a m i n e  e t h y l  e s t e r . H C l  
( 1 5 ) ,  w h i c h  gave ( 7 7 )  as w h i t e  pow der  ( 0 . 3 7 g ,  91%), m .p .  2 5 7 - 2 5 9 * 0  
( L i t . 2 m . p . 2 6 0 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 1 . 2 1 ,  H = 6 .2 7 ,
N = 2 0 .5 2 ;  c a l c ,  f o r  O 7 H 1 3 N 3 O 4 ,  0 = 4 1 . 3 8 ,  H = 6 .4 0 ,  N = 2 0 .6 9 .
n . m . r .  (DaO ) :  2 . 1 0 - 2 . 2 1  (m, 2H , P-OHa) ;  2 . 4 9  ( t ,  2H,
- C H a -C = 0 ) ;  3 . 7 7  ( s ,  1H, a - O H a ) ;  3 . 8 2  ( t ,  1H, a -O H ) .
[ a ] =  - 1 . 1 ;  ( L i t . 2 [ a ] 2 S= - 1 . 8  ( 3 .8 %  i n  H a O ) ) .
G l v c v l g l u t a m i c  a c i d  ( 7 8 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  g l u t a m i c  d i e t h y l  e s t e r . H O I
(32), w h ic h  gave  ( 7 8 )  as  w h i t e  c r y s t a l s  ( 0 . 3 6 g ,  88%), m . p . 1 9 8 - 1 9 9 * 0  
( L i t . 2 m . p . 2 0 0 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 8 7 ,  H = 5 .8 9 ,
N=13.54; c a l c ,  f o r  OyHiaNaOs,  0 = 4 1 . 1 5 ,  H = 5 .8 8 ,  N=13.73.
n.m.r. (DaO): 1 . 8 5 - 2 . 2 0  (m, 2H, P-OHa) ;  2.35 (q, 2H,
CH2-CO2H); 3 . 7 7  ( s ,  2H, a-OHa); 4 . 1 8  ( t ,  1H, a -O H ) .
[ a ] =  - 3 . 8 ;  ( L i t . 2 [ a ] 2  5= - 6 . 8  (5% i n  H a O ) ) .
G l v c v l a s p a r g i n e  ( 7 9 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  a s p a r g i n e  e t h y l  e s t e r . HOI
(14), w h ic h  gave  ( 7 9 )  as w h i t e  p o w d e r ( 0 .3 1  g , 89%), m .p .  2 1 2 - 2 1 4 * 0  
( L i t . 2 m . p . 2 1 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 8 . 0 9 ,  H = 5 .8 4 ,
N = 2 1 .8 8 ;  c a l c ,  f o r  C e H i 1 NsO4 , 0 = 3 8 . 1 0 ,  H = 5 .8 2 ,  N=22.22.
 ^H n . m . r .  ( D a O ) :  2.60-2.85 (m, 2H, p - O H a ) ;  3 . 8 2  ( s ,  2H,
a-CHa); 4.53 ( t ,  IN ,  a-OH).
[ a ] =  - 3 . 5 ;  ( L i t . 2 [ a ] 2 s= - 7 . 0  (5% i n  H a O ) ) .
G l v c v l l v s i n e  ( 8 0 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  l y s i n e  e t h y l  e s t e r . 2 H 0 1  ( 2 0 ) ,  
w h i c h  gave  ( 8 0 )  as w h i t e  c r y s t a l s  ( 0 . 4 2 g ,  88%), m . p . 2 3 7 - 2 3 9 * 0
( L i t . 539 m . p . 2 3 9 - 2 4 0 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 9 . 9 6 ,  H = 6 .7 8 ,  
N = 1 7 .6 5 ;  c a l c ,  f o r  Os Hi e N3 O3 . H O I , 0 = 4 0 . 2 5 ,  H = 6 .7 1 ,  N = 1 7 .6 1 .
1H n . m . r .  ( D a O ) :  1 ../21 ( t ,  2H ,  - O H a - NH a  ) : 1 . 69 - 1 . 79  (m,
2H ,  - C H a - O H a - N H a ) :  1.83-1,92 (m, 2H,
- O H - O H a - C H a - O H a - ) : 2.03-2.14 (m, 2H , p - O H a ) ;  3 . 0 0  ( t ,  1H ,  
a -O H ) ;  3 . 7 8  ( s ,  2H, a -C H a ) .
[ a ] =  - 4 . 8 ;  ( L i t . 2 [ a ] 2 S= - 1 0 .0  (5% i n  H a O ) ) .
G l v c v l m e t h i o n i ne ( 8 1 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  m e t h i o n i n e  m e th y l  e s t e r . H O I  
( 1 9 ) ,  w h i c h  gave  ( 8 1 )  as w h i t e  c r y s t a l s  ( 0 . 3 7 g ,  90%), m . p . 9 6 - 9 8 * 0  
( L i t . 3 m . p . 9 8 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 7 8 ,  H = 6 .5 1 ,  
N = 1 2 .9 6 ;  c a l c ,  f o r  07H i4N a03 S ,  0 = 4 0 . 7 8 ,  H = 6 .8 0 ,  N = 1 3 .59 .
1H n . m . r .  ( D a O ) :  1 . 81 - 1 . 9 5  ( t ,  2H , O H a - S ) ;  2.04 ( s ,  3H,
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CHa) ;  2 . 4 2 - 2 , 5 9  (m, 2H , P -CH a) ;  3 . 7 6  ( s ,  2H, a - C H a ) ;  4 . 2 5  ( t .
1H , a - C H ) .
[ a ] =  - 9 . 8 ;  ( L i t . 2 [ q ] 2 5 -  - 1 0 . 2  ( 2 % i n  H a O ) ) .
G l y c y 1c y s t e i ne ( 8 2 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  c y s t e i n e  e t h y l  e s t e r . H C l  
( 1 8 ) ,  w h i c h  gave ( 8 2 )  as w h i t e  c r y s t a l s  ( 0 . 3 3 g ,  93%), m .p .
1 7 5 - 1 7 7 * 0  ( L i t . 2 m . p . 1 7 7 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 3 . 5 4 ,  
H = 5 .7 8 ,  N = 1 5 .6 5 ;  c a l c ,  f o r  OsHioNaOaS, 0 = 3 3 . 7 1 ,  H = 5 .6 2 ,
N = 1 5 . 73.
 ^H n . m . r .  (D aO ) :  3 . 0 9 - 3 . 1 6  (m, 2H, O Ha-S ) ;  3 . 8 7  ( s ,  2H ,
a -O H a ) ;  4 . 0 3  ( t ,  1H, a -O H ) .
G l v c v l s e r i n e  ( 8 3 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  s e r i n e  m e t h y l  e s t e r . H O I  ( 1 7 ) ,  
w h i c h  gave ( 8 3 )  as w h i t e  c r y s t a l s  ( 0 . 2 7 g ,  83%),  m . p . 1 9 9 - 2 0 1 * 0
( L i t 2  m . p . 2 0 1 - 2 0 2 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 6 . 7 0 ,  H = 6 .1 7 ,
N = 1 6 .9 5 ;  c a l c ,  f o r  O5 H i 0 NaO4 , 0 = 3 7 . 0 4 ,  H = 6 . 1 7 ,  N = 1 7 .2 8 .
1 H n . m . r .  (DaO ) :  3 . 8 0 - 3 . 9 7  (m, 4 H , a -CHa,  p -O H a ) ;  4 . 3 8  ( t ,
1H , a -O H )
[ a ] =  - 6 . 8 ;  ( L i t . 2 [ a ] 2 s =  - 7 . 2  ( 2 % i n  H a O ) ) .
G l v c v l a r g i n i  ne ( 8 4 )
P r o c e d u r e  2 . 3 . 4 . 1 0  was f o l l o w e d  u s i n g  a r g i n i n e  m e t h y l  e s t e r . 2 H 0 1
( 2 1 ) ,  w h ic h  gave ( 8 4 )  as w h i t e  c r y s t a l s  ( 0 . 4 g ,  87%),  m . p . 9 9 - 1 0 1 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 4 1 . 7 0 ,  H = 7 .2 1 ,  N = 3 8 .7 2 ;  c a l c .  f o r
O8 H1 7 N5 O3 , 0 = 4 1 . 5 6 ,  H = 7 .3 6 ,  N = 3 8 .9 6 .
1 H n . m . r .  (DaO ) :  1 . 5 8 - 1 . 7 2  (m, 2H, -OHa-OHa-OHa- ) :
1 . 7 5 - 1 . 8 9  (m, 2H, -OHa- N H - ) : 1 . 9 4 - 2 . 1 1  (m, 2H, p -O H a ) ;  2 .4 2  
( t ,  2H, -O H a ) ;  3 . 2 3  ( t ,  1H, a -O H ) ;  3 . 7 5  ( s ,  2H, OHa) .
2 . 3 . 4 . 1 1  A l a n v l - A m i n o  a c i d s
P r o c e d u r e  2 . 3 . 4 . 1 0  was used  f o r  t h e  s y n t h e s i s  o f  a l a n y l - a m i n o  a c i d s  
by u s i n g  F m o c - L - a l a n i ne ( 0 . 6 2 g ,  2m mo l) i n s t e a d  o f  F m o c - g l y c i n e  and 
t h e  c o r r e s p o n d i n g  am ino  a c i d  e s t e r  ( 2 . 1 m m o l ) .
A l a n v l g l v c i n e  ( 8 5 )
P r o c e d u r e  2 . 3 . 4 . 1 1  was f o l l o w e d  u s i n g  g l y c i n e  e t h y l  e s t e r . H O I  ( 2 ) ,  
w h i c h  gave ( 8 5 )  as w h i t e  c r y s t a l s  ( 0 . 2 5 g ,  86%),  m .p .  2 2 9 - 2 3 1 * 0  
( L i t . 2 m . p . 2 3 0 - 2 3 1 . 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 8 9 ,  H = 6 .7 7 ,  
N = 1 9 .5 0 ;  c a l c ,  f o r  OsHioNaOa , 0 = 4 1 . 1 0 ,  H = 6 .8 5 ,  N = 1 9 ,1 8 .
1 H n . m . r .  (DaO ) :  1 .5 5  ( d ,  3H , 0 H 3 ) ;  3 . 8 0  ( q ,  ( J = 1 8 H z ) ,  2H ,
a -O H a) ;  4 . 1 4  ( q ,  1H, a -O H ) .
[ a ] =  + 5 0 . 8 ;  ( L i t . 2 [ a ] 2 i =  + 5 0 , 9  (2% i n  H a O ) ) .
A l a n v l a l a n i ne ( 8 6 )
- 3 0 6 -
APPENDIX 1
P r o c e d u r e  2 . 3 . 4 . 1 1  was f o l l o w e d  u s i n g  a l a n i n e  e t h y l  e s t e r . H C l  ( 4 ) ,  
w h i c h  gave  ( 8 6 )  as w h i t e  c r y s t a l s  ( 0 . 2 5 g ,  78%), m . p . 2 9 7 - 2 9 9 “ 0
( L i t . 2 m . p . 2 9 8 ° C ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 4 , 9 1 ,  H = 7 .5 3 ,
N = 1 7 .6 4 ;  c a l c ,  f o r  OeHiaNaOs,  0 = 4 5 . 0 0 ,  H = 7 .5 0 ,  N = 1 7 .5 0 .
iH  n . m . r .  (DaO ) :  1 . 5 0 - 1 . 6 0  ( d d ,  3H, 2x 0 H 3 ) ;  3 . 8 0  ( q ,  1H, 
a - O H ) ;  4 . 1 4  ( q ,  1H, a -O H ) .
[ a ] =  - 3 0 . 8 ;  ( L i t . 2 [ a ] 2 s= - 3 8 . 2  (2% i n  6N H O I ) ) .
(3-Al a n v l  g l  v c i  ne ( 8 7 )
P r o c e d u r e  2 . 3 . 4 . 1 1  was f o l l o w e d  u s i n g  F m o c - p - a l a n i ne ( 0 . 6 2 g ,  2mmol) 
and g l y c i n e  e t h y l  e s t e r . H O I  ( 2 ) ,  w h i c h  gave ( 8 7 )  as w h i t e  c r y s t a l s  
( 0 . 2 4 g ,  82%),  m .p .  2 3 4 - 5 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 0 . 8 5 ,
H = 6 . 7 6 ,  N = 1 9 .5 1 ;  c a l c ,  f o r  OsHioNaOs,  0 = 4 1 . 1 0 ,  H = 6 .8 5 ,
N = 1 9 . 18.
 ^H n . m . r .  (DaO ) :  2 . 7 5  ( t ,  2H , P-OHa) ;  3 .3 0  ( t ,  2H, a -O H a) ;
3 . 7 8  ( s ,  2H, a -O H a ) .
P - A l a n v l a l a n i ne ( 8 8 )
P r o c e d u r e  2 . 3 . 4 . 1 1  was f o l l o w e d  u s i n g  F m o c - p - a l a n i ne ( 0 . 6 2 g ,  2mmol) 
and a l a n i n e  e t h y l  e s t e r . H O I  ( 4 ) ,  w h i c h  gave  ( 8 8 )  as a w h i t e  powder  
( 0 . 2 6 g ,  81%),  m . p . 2 3 8 - 2 4 0 * 0  ( L i t . 538 m . p .2 4 0 -2 4 1  * 0 ) .  E l e m e n t a l
a n a l y s i s  gave  c = 4 4 . 7 3 ,  H = 7 .5 9 ,  N = 1 7 .3 8 ;  c a l c .  f o r
OeHiaNaOs,  0 = 4 5 . 0 0 ,  H = 7 .5 0 ,  N = 1 7 .5 0 .
1H n . m . r .  (DaO):  1 .3 2  ( d ,  3H , OHa);  2 . 7 0  ( t ,  2H, P-OHa) ;
3 . 2 8  ( t ,  2H, a -O H a ) ;  4 . 1 2  ( q ,  1H, a -O H ) .
[ a ] =  - 3 1 . 6 ;  ( L i t . 26 4 [ a ] 2  7= - 3 2 . 3  (2% i n  H a O ) ) .
P - A l a n v l - P - a l a n i ne ( 8 9 )
P r o c e d u r e  2 . 3 . 4 . 1 1  was f o l l o w e d  u s i n g  F m o c - p - a l a n i ne ( 0 . 6 2 g ,  2m mo l) 
and p - a l a n i n e  e t h y l  e s t e r . H O I  ( 2 7 ) ,  w h ic h  gave  ( 8 9 )  as a w h i t e  
pow de r  ( 0 . 2 7 g ,  84%),  m . p . 1 9 3 - 5 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 5 . 2 9 ,  
H = 7 .3 4 ,  N = 1 7 .2 1 ;  c a l c .  f o r  OeHiaNaOa, 0 = 4 5 . 0 0 ,  H = 7 .5 0 ,
N = 1 7 .5 0 .
1H n . m . r .  ( D a O ) :  2 . 3 8  ( t ,  2 H ,  P - O H a ) ; 2 . 6 7  ( t ,  2 H ,  P-OHa) ;
3 . 2 8  ( t ,  2H, a -O H a ) ;  3 . 4 4  ( t ,  2H , a -O H a) .
2 . 3 . 4 . 1 2  r 2 - 3 H l  N - A c e t v l - g l v c i n e  ( 9 0 )
N - A c e t y l - g l y c i n e  ( 3 7 )  (250mg,  2 .1 m m o l )  was added t o  a c e t i c
a n h y d r i d e  ( 1 . 5 m l )  and THO ( 2 . 0 p l ,  50 O i / m l )  and h e a te d  f o r  6 h o u rs  
a t  6 0 * 0 .  Upon c o o l i n g  m e t h a n o l ( 2 . 5 m l )  was added and t h e  s o l v e n t  was 
e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e ,  t h i s  was r e p e a t e d  
t h r e e  t i m e s  t o  remove l a b i l e  t r i t i u m .  The r e s u l t i n g  r e s i d u e  was 
r e c r y s t a l l i s e d  f r o m  e t h a n o l ,  f i l t e r e d  and washed w i t h  d r y  e t h e r . T h e  
[ 2 - 3 H ] - N - a c e t y l - g l y c i n e  ( 9 0 )  (225mg,  90%) had a s p e c i f i c  a c t i v i t y  
o f  82m O i /m m o l .
 ^H n . m . r .  (D aO ) :  2 . 0 8  ( s ,  3 H , OHa) ;  3 . 7 8  ( s ,  2H, a -O H a) .
5 H n . m . r .  (D aO ) :  3 .7 7  ( s ) .
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2 . 3 . 4 . 1 3  r 2 - 3 H 1 - G l v c i n e  (91 )
[ 2 - 3 H ] - N - A c e t y 1~ g l y c i ne ( 9 0 )  (175mg,  1 .5m m ol )  was d i s s o l v e d  i n  
aqueous  HCl ( 1 5 m l ,  3M) and h e a te d  t o  8 0 - 9 0 * 0  f o r  6 h o u r s .  The
s o l u t i o n  was t h e n  e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e  and
t h e  r e s i d u e  was r e c r y s t a l l i s e d  f r o m  aqueous e t h a n o l ,  w h i c h  gave  
[ 2 - 3 H ] - g l y c i ne ( 9 1 )  (102mg,  91%) w i t h  a s p e c i f i c  a c t i v i t y  o f
8 0 m 0 i /m m o l .
1H n . m . r .  (DaO ) :  3 . 9 0  ( s ,  2H, a -O H a ) .
3 H n . m . r .  (DaO ) :  3 .91  ( s ) ,
2 . 3 . 4 . 1 4  [ 2 - 3 H l - G l v c i ne e t h v l  e s t e r . H O I  ( 9 2 )
[ 2 - 3 H ] - G 1 y c i ne ( 9 1 )  was used  i n  P r o c e d u r e  2 . 4 . 4 . 1 ,  w i t h
e t h a n o l  t o  f o r m  [ 2 - 3 H ] - g l y c i ne e t h y l  e s t e r . H O I  ( 9 2 )  (173mg,  91%) 
w i t h  a s p e c i f i c  a c t i v i t y  o f  8 0 m 0 i /m m o l .
2 . 3 . 4 . 1 5  [ 2 - 3 H l - G l v c v l g l v c i ne ( 9 3 )
F m o c - g l y c i n e  ( 0 . 3 7 g ,  1 .2 4 m m o l )  was used w i t h  [ 2 - 3 H ] - g l y c i ne
e t h y l  e s t e r . H O I  ( 9 2 )  (173mg,  1 .25m m o l )  t o  p r e p a r e
[ 2 - 3 H ] - g l y c y l g l y c i n e  u s i n g  t h e  p r o c e d u r e  2 . 4 . 4 . 1 0 .  The d i p e p t i d e  
was n o t  p u r t f i e d  by h . p . l . c . ,  b u t  r e c r y s t a l l i s e d  f r o m  w a t e r  o r  
aqueous  e t h a n o l  and d r i e d  i n  a d e s s i c a t o r .  The 
[ 2 - 3 H ] - g l y c y l g l y c i ne (139mg,  85%) w i t h  a s p e c i f i c  a c t i v i t y  o f
7 8 m O i /m m o l .
1H n . m . r .  (DaO):  3 . 8 2  ( s ,  2 H , a -O H a ) ;  3 .8 9  ( s ,  2H, a -O H a ) .
3 H n . m . r .  (DaO):  3 .91  ( s ) .
2 . 3 . 4 . 1 6  O t h e r  g l v c v l - c o m p o u n d s
P h t h a l y l - g l y c i n e  c h l o r i d e  ( 5 9 )  ( 1 g ,  4 .5m m o l )  and t h e  a p p r o p r i a t e  
am ine  ( 4 .7 m m o l )  w e re  d i s s o l v e d  i n  d r y  d i o x a n  ( 2 5 m l ) ,  and h e a te d  t o  
7 0 * 0  f o r  h a l f  an h o u r  w i t h  s t i r r i n g .  A f t e r  c o o l i n g ,  t h e  d i o x a n  was 
removed u n d e r  vacuum, t h e  r e s u l t i n g  s o l i d  was r e d i s s o l v e d  i n  
m e th a n o l  and s t i r r e d  f o r  48 h o u r s  i n  t h e  p r e s e n c e  o f  h y d r a z i n e  
h y d r a t e  ( 0 . 7 5 m l ) .  The s o l i d  was r e c r y s t a l l i s e d  f r o m  w a t e r  o r  
a queous  e t h a n o l  and d r i e d  i n  a d e s s i c a t o r .
G l v c v l - p - n i t r o a n i 1 i d e  ( 9 4 )
P r o c e d u r e  2 . 3 . 4 . 1 6  was f o l l o w e d  u s i n g  p - n i t r o a n i 1 i ne ( 0 . 6 5 g )  w h i c h  
gave  ( 9 4 )  as y e l l o w - w h i t e  c r y s t a l s  ( 0 . 7 1 g ,  80%),  m . p . 1 6 8 *0  ( L i t . 2 
m . p . 1 7 0 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 5 . 3 1 ,  H = 4 .2 4 ,  N = 2 0 .9 2 ;  c a l c ,  
f o r  O8 H8 N2 O3 .H2 O, 0 = 4 5 . 0 7 ,  H = 4 .6 1 ,  N = 21 .54 .
1 H n . m . r .  (de-DMSO):  3 . 3 4  ( s ,  2H, a -O H a) ;  7 .91  ( d ,  2H , 2x 
0 - H ) ;  8 . 2 2  ( d ,  2H, 2x 0 - H ) .
G l v c v l t a u r i n e  ( 9 5 )
P r o c e d u r e  2 . 3 . 4 . 1 6  was f o l l o w e d  u s i n g  t a u r i n e  ( 0 . 5 9 g ) ,  w h i c h  gave
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( 9 5 )  as a w h i t e  pow der  ( 0 . 7 5 g ,  92%),  m . p . 1 7 6 - 8 * C .  E l e m e n t a l
a n a l y s i s  gave  C = 2 6 .1 2 ,  H = 5 .6 7 ,  N = 1 5 .2 3 ;  c a l c .  f o r
C 4 H 1 0 N 2 O 4 S ,  C = 2 6 .3 7 ,  H = 5 .4 9 ,  N = 1 5 .3 8 .
1 H n . m . r .  (D2 O ) :  1 .9 5  ( t ,  2H, CH2 ) ;  2 . 9 8  ( t ,  2H, CH2 ) ;  3 . 5 6  
( s ,  2H, a -C H a ) .
G l v c i n e - e t h a n a m i de ( 9 6 )
P r o c e d u r e  2 . 3 . 4 . 1 6  was f o l l o w e d  u s i n g  e t h a n a m i n e  (2m l  o f  70% s o l n  
i n  w a t e r ) ,  w h i c h  gave  ( 9 6 )  as a w h i t e  p o w de r  ( 0 . 3 4 g ,  74%),
m . p . 1 1 2 - 4 * 0 .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 7 . 0 5 ,  H = 9 . 6 7 ,  N = 2 7 .4 4 ;
c a l c ,  f o r  O4 H1 0 N2 O, 0 = 4 7 . 0 6 ,  H = 9 .8 0 ,  N = 2 7 .4 5 .
1 H n . m . r .  (DaO ) ;  1 .2 9  ( t ,  3H, OHs) ;  3 . 0 7  ( q ,  2H,
—OHa —OHa) ;  3 . 5 6  ( s ,  2H , a -O H a ) .
2 . 3 . 4 . 1 7  B e t a i n v l - A m i n o  a c i d
To a s t i r r e d  s o l u t i o n  o f  b e t a i n e  ( 0 . 2 4 g ,  2mmol) i n  DMF ( 1 0 m l )  
was added a s o l u t i o n  o f  DOOI ( 0 . 4 1 g ,  2mmol) i n  DMF ( 5 m l ) .  The 
r e s u l t i n g  s o l u t i o n  was s t i r r e d  f o r  30 m i n u t e s ,  w h e re u p o n  t h e  
i n s o l u b l e  DOU was removed by f i l t r a t i o n  and washed t w i c e  w i t h  DMF 
( 5 m l ) .  The r e s u l t i n g  DMF s o l u t i o n  was added a s o l u t i o n  o f  t h e  
c o r r e s p o n d i n g  am ino  a c i d  e s t e r  ( 2 .1 m m o l )  ( p r e p a r e d  as  b e f o r e  f r o m  
t h e  HOI s a l t  as d e s c r i b e d  i n  S e c t i o n  2 . 3 . 4 . 9 ) .  The s o l u t i o n  was 
s t i r r e d  f o r  an h o u r ,  and p o u r e d  i n t o  a l a r g e  e x c e s s  o f  d r y  e t h e r .  
The r e s u l t i n g  w h i t e  s o l i d  was f i l t e r e d  and s a p o n i f i e d  by t r e a t m e n t  
w i t h  aqueous  s o d iu m  h y d r o x i d e  ( 0 . 1 M ) .  The s o l u t i o n  was a c i d i f i e d  
w i t h  HOI a f t e r  30 m i n u t e s  and t h e n  p u r i f i e d  by h . p . l . c .  The 
c om b in ed  f r a c t i o n s  w e re  f r e e z e  d r i e d  and r e c r y s t a l l i s e d  f r o m  
aqueous  e t h a n o l  and t h e n  d r i e d  i n  a d e s s i c a t o r .
B e t a i n v l g l v c i ne ( 9 7 )
P r o c e d u r e  2 . 3 . 4 . 1 7  was f o l l o w e d  u s i n g  g l y c i n e  e t h y l  e s t e r . H O I  ( 2 ) ,  
w h ic h  gave  ( 9 7 )  as a w h i t e  pow der  ( 3 . 0 g ,  86%),  m . p . 7 7 - 7 8 * 0 .
E l e m e n t a l  a n a l y s i s  gave  0 = 4 8 . 3 0 ,  H = 7 .9 5 ,  N = 1 6 .1 5 ;  c a l c .  f o r
07H i4 N a 0 3 ,  0 = 4 8 . 2 8 ,  H = 8 .0 5 ,  N = 1 6 .0 9 .
1 H n . m . r .  (D2 O ) :  3 . 2 7  ( s ,  9 H , ( 0 H 3 ) 3 N + ) ;  3 . 9 0  ( s ,  2H ,
a -O H a ) ;  3 .9 6  ( s ,  2H , a -O H a ) .
B e t a i n v l - s a r c o s i ne ( 9 8 )
P r o c e d u r e  2 . 3 , 4 . 1 7  was f o l l o w e d  u s i n g  s a r c o s i n e  e t h y l  e s t e r . H O I  
( 2 9 ) ,  w h i c h  gave  ( 9 8 )  as  a w h i t e  pow der  ( 0 . 3 2 g ,  85%),  m . p . 6 6 - 6 7 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 5 1 . 1 5 ,  H = 9 .0 9 ,  N = 1 4 .5 2 ;  c a l c .  f o r
O8 H1 7 N2 O3 , 0 = 5 1 . 0 6 ,  H = 9 .0 4 ,  N = 1 4 .9 0 .
1H n . m . r .  (D2 O ) :  3 . 1 4  ( s ,  3H , OHa);  3 . 2 5  ( s ,  9H ,
( 0 H3 ) 3 N + ) ;  3 . 9 2  ( s ,  2H , a -O H a ) ;  3 . 9 8  ( s ,  2H, a -O H a ) .
2 . 3 . 4 . 1 8  S a r c o s v l g l v c i ne ( 9 9 )
A s u s p e n s io n  o f  a c t i v a t e d  p o l y m e r  ( 0 . 5 8 g ,  2m m o l) i n  DMF ( 2 0 m l )  
was p l a c e d  on a s i n t e r  and was a g i t a t e d  by n i t r o g e n  f o r  20 m i n u t e s .
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The e x c e s s  DMF was removed by g r a v i t y  f i l t r a t i o n  a f t e r  t h i s  p e r i o d .  
M e a n w h i l e  F m o c - g l y c i n e  a n h y d r i d e  was p r e p a r e d  by t h e  a d d i t i o n  o f  a 
DMF s o l u t i o n  ( 5 m l )  o f  DCCI ( 0 . 4 1 g ,  2mmol) t o  a s o l u t i o n  o f  
F m o c - g l y c i n e  ( 1 . 1 9 g  4m m o l) i n  a m i x t u r e  o f  d i c h l o r o m e t h a n e  ( 1 0 m l )  
and DMF ( 5 m l ) .  The s o l u t i o n  was a l l o w e d  t o  s t i r  f o r  h a l f  an h o u r ,  
t h e n  t h e  i n s o l u b l e  DOU p r o d u c e d  was f i l t e r e d  o f f  and t h e  r e s i n  was 
washed w i t h  1 :1  d i c h l o r o m e t h a n e : D M F  ( 2 x  1 0 m l ) .  The d i c h l o r o m e t h a n e  
was e v a p o r a t e d  u n d e r  vacuum t o  l e a v e  t h e  s y m m e t r i c a l  a n h y d r i d e  i n  a 
DMF s o l u t i o n .  The r e s u l t i n g  s o l u t i o n  was added t o  t h e  a f o r e g o i n g  
r e s i n  t o g e t h e r  w i t h  a s o l u t i o n  o f  4 - d i m e t h y l a m i n o  p y r i d i n e  ( 0 . 0 2 5 g ,
0 . 2 m m o l ) .  The r e a c t i o n  m i x t u r e  was a g i t a t e d  f o r  2 h o u r s ,  w h ereupon  
i t  was f i l t e r e d  and t h e  s o l i d  was washed w i t h  DMF ( x IO  2 5m l ,  5
m i n u t e s  p e r  w a s h i n g ) .  The Fmoc-  p r o t e c t i n g  g r o u p  was removed by 
a d d in g  p i p e r i d i n e  i n  DMF ( 3 0 m l , 20%) and a g i t a t i n g  f o r  3 m i n u t e s .  
A f t e r  r e m o v a l  o f  t h e  s o l v e n t  by f i l t r a t i o n  t h e  p r o c e s s  was r e p e a t e d  
and a g i t a t e d  f o r  7 m i n u t e s  and t h e n  t h e  r e s i n  was washed w i t h  DMF 
( x I O ,  2 5 m l ) .  A ssa y  o f  t h e  r e s i n  w i t h  K a i s e r  r e a g e n t ,  i n d i c a t e d  t h e  
p r e s e n c e  o f  f r e e  NH2 . To a s o l u t i o n  o f  s a r c o s i n e . H C l  ( 0 . 2 5 g )  i n  
DMF ( 1 0 m l )  was added HOBt ( 0 . 3 3 g )  and t h e  m i x t u r e  was s t i r r e d  f o r  
10 m i n u t e s .  A t  t h e  c o n c l u s i o n  o f  t h i s  p e r i o d  i t  was added t o  t h e  
above  g l y c i n e - r e s i n . The r e s u l t i n g  s u s p e n s io n  was a g i t a t e d  f o r  an 
h o u r ,  d r a i n e d  o f f  and washed 10 t i m e s  w i t h  DMF, t h e  r e s i n  was 
t e s t e d  f o r  NH2 as  b e f o r e .  To t h e  a f o r e g o i n g
s a r c o s y l g l y c y l - r e s i n ,  was added TFA ( 4 0 m l )  and t h e  s u s p e n s io n  was 
a g i t a t e d  f o r  one h o u r .  T h i s  p r o c e d u r e  was r e p e a t e d  3 t i m e s ,  t h e  TFA 
c o l l e c t i o n s  w e re  removed by vacuum d i s t i l l a t i o n .  The r e s i d u e  was 
s t i r r e d  w i t h  d r y  e t h e r  f o r  one h o u r ,  t h e  s o l i d  was f i l t e r e d  o f f  and 
washed w i t h  e t h e r .  The p r o d u c t  was d i s s o l v e d  and washed t h r o u g h  t h e  
s i n t e r  w i t h  w a t e r .  The r e s u l t i n g  s o l u t i o n  was p u r i f i e d  by h . p . l . c .  
l y o p h i l i s a t i o n  o f  t h e  s o l v e n t  gave  s a r c o s y l  g l y c i n e  ( 0 . 1 9 g ,  65%) as 
a w h i t e  p o w d e r ,  m . p . 1 8 2 - 3 ° C .  E le m e n t a l  a n a l y s i s  gave 0 = 4 1 . 4 3 ,  
H = 6 .9 3 ,  N = 1 9 .1 2 ;  c a l c .  f o r  C5 H1 0 N2 O3 , 0 = 4 1 . 1 0 ,  H = 6 .8 5 ,
N = 1 9 . 18.
1 H n . m . r .  (D2 O ) :  2 . 6 4  ( s ,  3H, - C H s ) ;  3 . 7 8  ( s ,  2 H , a -C H a ) ;
4 . 0 5  ( s ,  2H, a - C H a ) .
2 . 3 . 4 . 1 9  C v s t e i n v l g l y c i n e  ( 1 0 0 )
To a s o l u t i o n  o f  F m o c - C y s - T r t  ( T r i t y l  p r o t e c t i n g  g r o u p  
T r t )  ( 0 . 8 g ,  2mmol) i n  a m i x t u r e  o f  d i c h l o r o m e t h a n e  ( 1 0 m l )  and DMF 
( 5 m l ) ,  was added a s o l u t i o n  o f  HOBt ( 0 . 2 3 g ,  2 .1 m m o l )  i n  DMF ( 5 m l )  
and s t i r r e d .  The OBt  e s t e r  f o rm e d  was e a s i l y  c o n v e r t e d  t o  t h e  
s y m m e t r i c a l  a n h y d r i d e ,  by t h e  a d d i t i o n  o f  DCCI ( 0 . 4 1 g ,  2mmol) i n  
DMF ( 5 m l ) .  The i n s o l u b l e  DCU b y - p r o d u c t  was f i l t e r e d  o f f  and t h e  
f i l t r a t e  added t o  a DMF s o l u t i o n  (pH 9 - 1 0 )  o f  g l y c i n e  e t h y l  e s t e r  
( p r e p a r e d  by a d d in g  a s l i g h t  e x c e s s  t r i m e t h y l  ami ne t o  g l y c i n e  e t h y l  
e s t e r . H C l  ( 0 . 3 2 g ,  2 . 3 m m o l ) ) .  The m i x t u r e  o f  s o l u t i o n s  was s t i r r e d  
f o r  an h o u r ,  and t h e n  p o u r e d  i n t o  an e x c e s s  o f  d r y  d i e t h y l  e t h e r  
and s t i r r e d  f o r  a f u r t h e r  h o u r .  The r e s u l t i n g  p r o d u c t  was f i l t e r e d  
and r e d i s s o l v e d  i n  DMF ( 5 m l )  c o n t a i n i n g  p i p e r i d i n e  (20%) and 
s t i r r e d  f o r  6 h o u r s .  The T r i t y l  p r o t e c t e d  d i p e p t i d e  was i s o l a t e d  by 
a d d in g  a l a r g e  e x c e s s  o f  e t h e r .  The f i l t e r e d  s o l i d  was added t o  
10ml o f  TFA (10% p h e n o l  as  a s c a v e n g e r )  and s t i r r e d  f o r  an h o u r .  
The TFA was removed by vacuum d i s t i l l a t i o n  and t h e  r e s i d u e  was 
s t i r r e d  w i t h  d r y  e t h e r  f o r  an h o u r .  The w h i t e  s o l i d  was f i l t e r e d  
and washed w i t h  e t h e r .  The r e s u l t i n g  p r o d u c t  was p u r i f i e d  by HPLC 
and f r e e z e - d r i e d  r e s u l t i n g  i n  a w h i t e  pow de r  ( 0 . 2 1 g ,  59%),
m . p , 9 8 - 1 0 2 “ C . E l e m e n t a l  a n a l y s i s  gave C = 3 3 .7 1 ,  H = 5 .6 2 ,  N = 1 5 .7 3 ;
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c a l c ,  f o r  C5 H1 0 N2 O3 S, C = 3 3 .4 5 ,  H = 5 . 5 8 ,  N = 1 6 .0 1 .
 ^H n . m . r .  (D2 O ) :  3 . 1 2 - 3 . 2 2  (m, 2H , C H a -S ) ;  3 . 7 8  ( s ,  2H,
a -C H a ) ; 3 . 9 6  ( t ,  1H, a - C H ) .
2 . 3 . 4 . 2 0  G l u t a m i c  d i e t h v l  e s t e r  h y d r o c h l o r i d e  ( 3 2 )
To a s o l u t i o n  o f  L - g l u t a m i c  a c i d  ( 2 . 8 g ,  19mmol)  i n  a n h y d r o u s  
e t h a n o l  ( 5 0 m l )  w i t h  t h i o n y l  c h l o r i d e  ( 5 m l )  added d r o p w i s e  o v e r  a 10 
m i n u t e  p e r i o d .  The r e s u l t i n g  s o l u t i o n  was h e a te d  u n d e r  r e f l u x  f o r  
2 h o u r s ,  b e f o r e  t h e  s o l v e n t  was removed u n d e r  vacuum. The r e s i d u e  
was r e c r y s t a l l i s e d  f r o m  aq u e ous  e t h a n o l  y i e l d i n g  w h i t e  c r y s t a l s  
( 4 . 2 g ,  92%),  m . p . 1 1 2 - 1 1 3 “ C ( L i t . i ' i 33 m .p .  1 1 3 - 1 1 4 ° C ) .  E l e m e n t a l
a n a l y s i s  gave C = 4 5 .1 0 ,  H = 7 . 5 7 ,  N = 5 .9 2 ;  c a l c ,  f o r  C9 H 1 8 NO4 C I ,  
C = 4 5 .0 9 ,  H = 7 . 5 2 ,  N = 5 .8 5 .
2 . 3 . 4 . 2 1  E t h v l  o - c a r b o x v b e n z o v l - l - g l u t a m a t e  ( 1 0 1 )
To a s o l u t i o n  o f  d i e t h y l  g l u t a m a t e . H C l  ( 3 2 )  ( 4 . 0 g ,  16mmol)  i n  
t o l u e n e  ( 4 0 m l )  was added t r i e t h y l a m i n e  ( 5 m l )  i n  p o r t i o n s .  The w h i t e  
t r i e t h y l a m m o n i u m  c h l o r i d e  f o rm e d  was f i l t e r e d  o f f ,  and t h e  d i e t h y l  
g l u t a m a t e  was o b t a i n e d  on e v a p o r a t i o n  o f  t h e  s o l v e n t s  u n d e r  r e d u c e d  
p r e s s u r e .  The e s t e r  was d i s s o l v e d  i n  d r y  e t h e r  and p h t h a l i c  
a n h y d r i d e  ( 2 . 5 g ,  17mmol)  was added i n  s m a l l  p o r t i o n s  w i t h  v i g o r o u s  
s t i r r i n g .  On s t a n d i n g  f o r  24 h o u r s  i n  a r e f r i g e r a t o r  a s o l i d  was 
o b t a i n e d ,  w h i c h  was f i l t e r e d  and washed w i t h  d r y  e t h e r .  
R e c r y s t a l l i s a t i o n  f r o m  4 0 - 6 0  p e t - e t h e r  gave  e t h y l
o - c a r b o x y b e n z o y l - l - g l u t a m a t e  ( 1 0 1 )  ( 4 . 6 g ,  82%), m .p . 9 4 * C  ( L i t . i 33 
m .p .  9 4 * C ) .  E l e m e n t a l  a n a l y s i s  gave  C = 5 7 .8 3 ,  H = 6 .2 1 ,  N = 3 .8 7 ;  c a l c ,  
f o r  C 1 7 H2 1 NO7 , C = 5 8 .1 ,  H = 6 . 0 ,  N = 4 .0 .
2 . 3 . 4 . 2 2  E t h v l  P h t h a l v l - L - g l u t a m a t e  ( 1 0 2 )
A s o l u t i o n  o f  e t h y l  o - c a r b o x y b e n z o y l - L - g l u t a m a t e  ( 1 0 1 )  ( 4 . 5 g ,
13mmol)  i n  d r y  e t h a n o l  ( 3 0 m l )  and t h i o n y l  c h l o r i d e  ( 5 m l )  was h e a te d  
u n d e r  r e f l u x  f o r  2 h o u r s .  The p r o d u c t  upon e v a p o r a t i o n  o f  t h e  
s o l v e n t s  was s hak e n  w i t h  w a t e r  and c h l o r o f o r m .  The c h l o r o f o r m  l a y e r  
was washed w i t h  aqueous  s o d iu m  h y d r o g e n  c a r b o n a t e  f o l l o w e d  by 
w a t e r ,  and t h e n  d r i e d  o v e r  a n h y d r o u s  s o d iu m  s u l p h a t e .  E v a p o r a t i o n  
o f  t h e  s o l v e n t  gave a t h i c k  o i l  o f  p h t h a l y 1 - g l u t a m i c  e t h y l  e s t e r  
( 1 0 2 )  ( 4 . 2 g ,  97%),  b . p . 1 9 0 - 2 0 0 ” C . E le m e n t a l  a n a l y s i s  gave  C = 6 1 .5 6 ,
H = 5 . 9 8 ,  N = 3 .9 5 ;  c a l c ,  f o r  C w H ig N O e ,  C = 6 1 . 2 6 ,  H = 5 . 7 1 ,  N = 4 .2 0 .
2 . 3 . 4 . 2 3  P h t h a l v l - L - g l u t a m i c  a c i d  ( 1 0 3 )
A s o l u t i o n  o f  c r u d e  e t h y l  p h t h a l y 1 - L - g l u t a m a t e  ( 1 0 2 )  ( 4 . 0 g ,
12mmol)  was d i s s o l v e d  i n  a m i x t u r e  o f  g l a c i a l  a c e t i c  a c i d  ( 4 5 m l )  
and c o n c .  h y d r o c h l o r i c  a c i d  ( 1 1 m l )  was t h e n  h e a t e d  u n d e r  r e f l u x  f o r
2 h o u r s .  The v o lu m e  was re d u c e d  t o  15ml u n d e r  vacuum and t h e
c o n c e n t r a t e d  s o l u t i o n  was p l a c e d  i n  a r e f r i g e r a t o r  o v e r n i g h t .  The 
s o l i d  o b t a i n e d  was r e c r y s t a l l i s e d  f r o m  w a t e r  and d r i e d  i n  a vacuum 
d e s s i c a t o r  ( 2 . 3 g ,  69%),  m .p . 1 5 8 * C  ( L i t . 1 3 2 , 1 5 4  m . p . 1 5 9 “ C ) .
E l e m e n t a l  a n a l y s i s  gave 0 = 5 6 . 7 3 ,  H = 4 .2 2 ,  N = 4 .8 9 ;  c a l c .  f o r
C1 3 H1 1 NO6 , 0 = 5 6 . 3 ,  H = 4 .0 ,  N = 5 .0 .
iH  n . m . r .  (ds-DMSO):  2 .2 1  (m, 2H, G-OH2 ) ;  2 . 6 4  ( t ,  2H,
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- C H 2 -C = 0 ) ;  4 .0 1  ( t ,  1H, a - C H ) ;  8 . 3 0 - 8 . 4 5  (m, 4 H , 4x  0 - H ) .
i . r . :  3 5 0 0 -3 1 0 0  ( s ,  OH, a c i d ) ;  1720 ( s ,  0 = C - N - C = 0 ) ; 1680 ( s ,  0=0
d i a c i d ) .
2 . 3 . 4 . 2 4  P h t h a l y l - L - g l u t a m i c  a n h y d r i d e  ( 1 0 4 )
A s o l u t i o n  o f  p h t h a l y 1 - L - g l u t a m i c  a c i d  ( 1 0 3 )  ( 2 . 1 g ,  7 .6 m m o l )  i n  
a c e t i c  a n h y d r i d e  ( 5 m l )  and h e a te d  t o  100*0  f o r  5 m i n u t e s .  A f t e r  
t h i s  p e r i o d  t h e  v o lu m e  was r e d u c e d  u n d e r  vacuum t o  a b o u t  1m l ,  and 
e x c e s s  e t h e r  was added t o  p r e c i p i t a t e  t h e  p h t h a l y l - g l u t a m i c  
a n h y d r i d e .  A f t e r  f i l t r a t i o n  and w a s h in g  w i t h  e t h e r ,  t h e  s o l i d  was 
d r i e d  i n  a d e s s i c a t o r  w h i c h  gave ( 1 0 5 )  as a w h i t e  po w d e r  ( 1 . 9 g ,  
96%),  m . p . 1 9 7 - 1 9 9 * 0  ( L i t . ? 3 % , i 54 m . p . 1 9 5 - 1 9 9 * 0 ) .  E l e m e n t a l  
a n a l y s i s  gave 0 = 6 0 . 5 8 ,  H = 3 . 5 0 ,  N = 5 .3 5 ;  c a l c ,  f o r  O isHsNOs,  
0 = 6 0 . 2 3 ,  H = 3 .4 7 ,  N = 5 .4 1 .
1 H n . m . r .  ( d e - D M S O ) :  2 . 1 7  ( d ,  1 H,  ( 3 - O H ) ;  2 . 6 6  ( q ,  I H ,
- O H - O H 2 - O H 2 ) :  2 . 9 4 - 3 . 2 0  (m, 2 H , - O H - OH2 - O H 2 ) :  5 . 5 0  ( d d ,
1H, a -O H ) ;  7 . 9 5 - 8 . 1 5  (m, 4 H , 4x  0 - H ) .
i . r . :  1855 & 1775 (m, 0=0  a n h y d r i d e ) ;  1725 ( s ,  0=0  a m i d e ) .
[ a ] =  - 4 2 . 9 ;  (3% i n  d i o x a n ) ;  ( L i t . 1 3 2 , 1 5 4  [ a ] Z 5 = - 4 3 . 1 ,  4 3 . 5  (3%
i n  d i o x a n ) ) .
2 . 3 . 4 . 2 4 a  P h t h a l v l - L - g l u t a m i c  a n h y d r i d e :  Fused M e th o d  ( 1 0 4 )
An i n t i m a t e  m i x t u r e  o f  g l u t a m i c  a c i d  ( 2 . 5 g ,  17mmol)  and p h t h a l i c  
a n h y d r i d e  ( 2 . 7 g ,  ISmmol)  was h e a te d  w i t h  s t i r r i n g  i n  an o i l  b a t h  a t  
1 6 5 - 1 8 0 * 0  f o r  20 m i n u t e s .  The m e l t  was a l l o w e d  t o  c o o l  t o  c a .  100 *0  
b e f o r e  a c e t i c  a n h y d r i d e  ( 4 m l )  was added ,  and t h e  t e m p e r a t u r e  was 
m a i n t a i n e d  a t  100 *0  f o r  3 - 4  m i n u t e s ,  w h e re upon  t o l u e n e  ( 1 0 m l )  was 
a dd ed .  The r e s u l t i n g  r e a c t i o n  m i x t u r e  a l l o w e d  t o  s t a n d  o v e r n i g h t  i n  
a f r i d g e  t o  p r e c i p i t a t e  t h e  p r o d u c t .  The p r o d u c t  was f i l t e r e d  and 
washed w i t h  d r y  e t h e r ,  and d r i e d  i n  a d e s s i c a t o r ,  w h i c h  gave  ( 1 0 4 )  
as w h i t e  c r y s t a l s  ( 4 . 0 g ,  90%), m . p . 1 9 4 - 1 9 6 * 0  ( L i t . 3 9 o » 2 8 7
m . p . 1 9 5 - 1 9 9 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 6 0 . 0 4 ,  H = 3 . 4 9 ,  N = 5 . 2 9 ;
c a l c ,  f o r  O1 3 H9 NO5 , 0 = 6 0 . 2 3 ,  H = 3 .4 7 ,  N = 5 .4 1 .
1 H n . m . r .  ( d s - D M S O ) ;  2 . 1 4  ( d ,  I H ,  B - O H ) ;  2 . 6 4  ( q ,  I H ,
- O H - O H 2 - O H 2 ) :  2 . 9 4 - 3 . 2 4  (m, 2 H , -O H -OH2 -OH2 ) :  5 . 5 0  ( d d ,
IH ,  a -O H ) ;  7 . 9 9 - 8 . 2 0  (m, 4 H , 4x  0 - H ) .
i . r . :  1850 & 1770 (m, 0=0 a n h y d r i d e ) ;  1720 ( s ,  0=0 a m i d e ) .
[ a ] =  - 4 3 . 2 ;  (3% i n  d i o x a n ) ;  ( L i t . i 52 [ a ] Z 5 =  - 4 3 . 1 ,  4 3 . 5  (3% i n
d i o x a n ) ) .
2 . 3 . 4 . 2 5  Gamma-g1u t a m v 1- d o n o r s
P h t h a l y l - g l u t a m i c  a n h y d r i d e  ( 1 0 4 )  ( 0 . 6 5 g ,  2 .5 m m o l )  was s u s p e n d e d  
i n  g l a c i a l  a c e t i c  a c i d  ( 5 m l )  w i t h  t h e  a p p r o p r i a t e  a n i l i n e  
( 2 . 7 m m o l ) .  The m i x t u r e  was h e a t e d  f o r  30 m i n u t e s  a t  6 0 - 6 5 * 0 ,  and 
t h e n  e v a p o r a t e d  t o  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e .  The s o l i d  was 
d i s s o l v e d  i n  a s o l u t i o n  o f  m e th a n o l  ( 2 0 m l )  and h y d r a z i n e  h y d r a t e  
( 0 . 2 5 g ,  0 . 2 5 m l )  and s t i r r e d  f o r  48 h o u r s .  The r e s u l t i n g  s u s p e n s i o n
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was f i l t e r e d  and t h e  s o l i d  washed w i t h  i c e  c o l d  w a t e r  and m e t h a n o l ,  
b e f o r e  b e i n g  d r i e d  i n  a vacuum d e s s i c a t o r .  The d r i e d  m a t e r i a l  was 
d i s s o l v e d  i n  0.5M HGl ( 1 0 m l ) ,  and any  u n d i s s o l v e d  r e s i d u e  was 
f i l t e r e d  o f f .  The a c i d i c  s o l u t i o n  was t h e n  s hak e n  w i t h  e t h y l  
a c e t a t e  t o  e x t r a c t  any u n r e a c t e d  a n i l i n e .  The aqueous  l a y e r  was 
n e u t r a l i s e d  t o  pH 7 w i t h  1M aqueous  s o d iu m  c a r b o n a t e ,  and t h e  
r e s u l t i n g  s o l u t i o n  was l e f t  o v e r n i g h t  i n  a f r i d g e ,  w h e r e - u p o n  a 
c r y s t a l l i n e  p r o d u c t  was f o r m e d .  However  upon f i l t r a t i o n  and d r y i n g  
i n  a d e s s i c a t o r  t h e  c r y s t a l s  decomposed i n t o  an am orphous  p o w d e r .
G a m m a - L - g l u t a m v l - p - n i t r o a n i 1 i de ( 1 0 5 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  p - n i t r o a n i 1 i ne ( 0 . 3 7 g ) ,  w h i c h  
gave ( 1 0 5 )  as  a p a l e  y e l l o w  pow de r  ( 0 . 5 9 g ,  8 8 %),  m ,p . 1 8 4 ° C
( L i t . 2 9 1,374  m . p . 1 8 3 - 1 8 5 “ C ) . E l e m e n t a l  a n a l y s i s  gave  C = 4 6 .0 3 ,
H = 5 . 1 1 ,  N = 1 4 .5 2 ;  c a l c .  f o r  C1 1 H1 3 N3 O5 .H2 O, 0 = 4 6 . 3 1 ,
H = 5 .2 6 ,  N = 1 4 .7 4 .
H n . m . r .  (D2 O ) :  2 . 2 0 - 2 . 2 7  (m, 2H , G-CH2 ) ;  2 . 6 3  ( t ,  2 H ,
-CH2 -C = 0 ) ;  3 . 7 2  ( t ,  1H, a - C H ) ;  7 . 7 5  ( d ,  2H, 2x 0 - H ) ;  8 . 3 0  ( d ,  2 H ,
2x 0 - H ) .  U . V . :  lambda max 314nm.
[ a ] =  + 3 5 . 1 ;  (2% i n  0 .5N  HCl ) ; ( L i t . 2 9 i  [ a ] 2 s= + 3 4 . 7  ( 2 % i n  0 .5 N  
H O D )
G a m m a - D - g l u t a m v l - p - n i t r o a n i 1 i de ( 1 0 5 a )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  P t h - D - g l u t a m i c  a n h y d r i d e  and 
p - n i t r o a n i 1 i n e  ( 0 . 3 7 g ) ,  w h i c h  gave  ( 1 0 5 a )  as y e l l o w - w h i t e  c r y s t a l s  
( 0 . 5 1 g ,  76%), m . p . 1 7 4 - 5 ° C .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 6 . 0 7 ,  H = 5 .3 7 ,  
N = 1 5 .0 8 ;  c a l c .  f o r  O1 1 H1 3 N3 O5 .H2 O, 0 = 4 6 . 3 1 ,  H = 5 .2 6 ,
N = 1 4 . 74 .
1 H n . m . r .  (D2 O ) :  2 . 1 3 - 2 . 1 9  (m, 2H, G-OH2 ) ;  2 . 5 0  ( t ,  2H ,
- 0 H2 - 0 =0 ) ;  3 . 8 2  ( t ,  1H, a -O H ) ;  7 . 7 9  ( d ,  2H, 2 x 0 - H ) ;  8 . 3 3  ( d ,  2H ,
2x 0 - H ) .  U . V . :  lambda max 314nm.
G a m m a - g l u t a m v l - m - n i t r o a n i l i d e  ( 1 0 6 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  m - n i t r o a n i l i n e  ( 0 . 3 7 g ) ,  w h i c h  
gave ( 1 0 6 )  as  a y e l l o w - w h i t e  pow de r  ( 0 . 5 4 g ,  80%),  m . p . 1 4 7 - 1 4 9 ° 0.  
E l e m e n t a l  a n a l y s i s  gave  0 = 4 6 . 3 9 ,  H = 5 .0 2 ,  N = 1 4 .5 9 ;  c a l c .  f o r
O i l  Hi sNsOs .H2 O, 0 = 4 6 . 3 1 ,  H = 5 . 2 6 ,  N = 1 4 .7 4 .
1 H n . m . r .  (D2 O ) :  2 . 1 5 - 2 . 2 2  (m, 2H, 6 -OH2 ) ;  2 . 4 5  ( t ,  2H,
- 0 H2 - 0 =0 ) ;  3 . 7 8  ( t ,  1H, a - O H ) ;  7 . 6 0 - 8 . 2 2  (m, 4 H , 4x  0 - H ) .  u . v :
lambda max 286nm.
G a m m a - q l u t a m v l - o - n i t r o a n i l i d e  ( 1 0 7 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  o - n i t r o a n i 1 i ne ( 0 . 3 7 g ) ,  w h ic h  
gave ( 1 0 7 )  as a y e l l o w - w h i t e  pow de r  ( 0 . 5 2 g ,  78%), m . p . 9 0 - 9 2 “ 0.
E l e m e n t a l  a n a l y s i s  gave  0 = 4 6 . 2 9 ,  H = 5 .1 3 ,  N = 1 4 .6 2 ;  c a l c .  f o r
O1 1 H1 3 N3 O5 .H2 O, 0 = 4 6 . 3 1 ,  H = 5 . 2 6 ,  N = 1 4 .7 4 .
1 H n . m . r .  (D2 O ) :  2 . 1 1 - 2 . 2 0  (m, 2H, G-OH2 ) ;  2 . 5 8  ( t ,  2 H ,
-OH2 - 0 =0 ) ;  3 . 8 0  ( t ,  1H, a - O H ) ;  7 . 7 0 - 8 . 3 0  (m, 4 H , 4x 0 - H ) .  u . v . :
lambda max 2 9 1 nm.
G a m m a - q l u t a m v l - a n i 1 i de ( 1 0 8 )
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P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  a n i l i n e  ( 0 . 2 5 g ) ,  w h i c h  gave 
( 1 0 8 )  as a w h i t e  po w d e r  ( 0 . 5 4 g ,  90%), m . p . 8 9 - 9 1 ° C .  E l e m e n t a l
a n a l y s i s  gave  C = 6 0 .0 2 ,  H = 6 .4 6 ,  N = 1 2 .7 1 ;  c a l c .  f o r
C1 1 H1 4 N2 O3 , 0 = 5 9 . 4 6 ,  H = 6 . 3 1 ,  N = 1 2 .6 1 .
1 H n . m . r .  (D2 O ) :  2 . 0 7 - 2 . 1 4  (m, 2H , G-OH2 ) ;  2 . 5 0  ( t ,  2H, 
- 0 H 2 - 0 = 0 ) ;  3 . 7 0  ( t ,  1H, a - O H ) ;  7 . 1 4 - 7 . 3 2  (m, 5H, 5x 0 - H ) .  u . v . :  
l ambda max 312nm.
G a m m a - q l u t a m v l - 2 - m e t h v l - 5 - n i t r o a n i l i d e  ( 1 0 9 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  2 - m e t h y l - 5 - n i t r o a n i 1 i n e  
( 0 . 3 8 g ) ,  w h i c h  gave ( 1 0 9 )  a s  a y e l l o w - w h i t e  pow der  ( 0 . 6 1 g ,  87%),
m . p . 1 1 0 - 1 1 2 ° 0 .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 1 . 1 2 ,  H = 5 .4 1 ,  N = 1 4 .8 6 ;
c a l c ,  f o r  O1 2 H 1 5 N3 O5 , 0 = 5 1 . 2 5 ,  H = 5 . 3 4 ,  N = 1 4 .9 5 .
 ^H n . m . r .  (D2 O ) :  2 . 0 5 - 2 . 1 5  (m, 2H, D-OH2 ) ;  2 . 2 5  ( s ,  3H ,
-OH3 ) ;  2 . 3 5  ( t ,  2H, - O H 2 - 0 = 0 ) ;  3 . 7 5  ( t ,  1H, a -O H ) ;  7 . 8 0 - 8 . 3 0
(m, 4H, 4x  0 - H ) .  u . v . :  lam bda  max 284nm.
G a m m a - q l u t a m v l - D - m e t h v l - a n i l i d e  ( 1 1 0 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  4 - m e t h y l a n i 1 i n e ( 0 . 2 7 g ) , w h i c h  
gave  ( 1 1 0 )  as  a w h i t e  po w d e r  ( 0 . 5 0 g ,  85%), m. p . 1 5 3 - 1 5 5 ° 0 .  E l e m e n t a l  
a n a l y s i s  gave  0 = 6 1 . 3 8 ,  H = 6 .4 3 ,  N = 1 1 .7 3 ;  c a l c .  f o r
O 1 2 H 1 6 N2 O3 , 0 = 6 1 . 0 2 ,  H = 6 . 7 8 ,  N = 1 1 .8 6 .
1 H n . m . r .  (D2 O ) :  2 . 1 9 - 2 . 2 9  (m, 2 H , (3 -O H 2 ) ;2 .3 5  ( s ,  3H ,
- O H 3 ) ;  2 . 5 5  ( t ,  2H, - O H 2 - 0 = 0 ) ;  3 . 8 9  ( t ,  1H, a-OH) ; 7 . 6 9  ( d ,
2 H , 2x 0 - H ) ;  7 .7 3  ( d ,  2H , 2x 0 - H ) .  u . v . :  lambda max 312nm.
G a m m a - q l u t a m v l - p - c v a n o - a n i l i d e  ( 1 1 1 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  4 - c y a n o - a n i 1 i ne ( 0 . 3 0 g ) ,
w h i c h  gave ( 1 1 )  as a w h i t e  p ow de r  ( 0 . 5 1 g ,  83%),  m . p . 1 4 5 - 7 ° 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 5 8 . 3 5 ,  H = 4 .9 2 ,  N = 1 7 .2 4 ;  c a l c .  f o r
O1 2 H1 3 N3 O3 , 0 = 5 8 . 3 0 ,  H = 5 .2 6 ,  N = 1 7 .0 0 .
1 H n . m . r .  (D2 O ) :  2 , 1 7 - 2 . 2 5  (m, 2H, G-OH2 ) ;  2 . 6 5  ( t ,  2H ,
- 0 H 2 - C = 0 ) ;  3 . 8 2  ( t ,  1H, a - O H ) ;  7 . 3 5  ( d ,  2H, 2x 0 - H ) ;  7 . 7 8  ( d ,  2H,
2x 0 - H ) .  U . V . :  lambda max 266nm.
G a m m a - q l u t a m v l - p - m e t h o x v - a n i 1 i de ( 1 1 2 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  4 - m e t h o x y - a n i l i n e  ( 0 . 3 1 g ) ,
w h i c h  gave  ( 1 1 2 )  as  a w h i t e  pow der  ( 0 . 5 4 g ,  86%),  m . p . 1 6 2 - 1 6 4 ° 0 . 
E l e m e n t a l  a n a l y s i s  gave  0 = 5 6 . 9 7 ,  H = 6 .4 3 ,  N = 1 1 .0 2 ;  c a l c .  f o r
O 1 2 H 1 6 N2 O4 , 0 = 5 7 . 1 4 ,  H = 6 . 3 5 ,  N = 1 1 .1 1 .
1 H n . m . r .  (D2 O ) :  2 . 0 5 - 2 . 1 5  (m, 2H , G-OH2 ) ;  2 . 3 0  ( t ,  2H ,
- 0 H 2 - 0 = 0 ) ;  3 . 7 5  ( s ,  3H , - O H 3 ) ;  3 . 8 9  ( t ,  1H, a - C H ) ;  6 . 8 0  (d, 2H ,
2x 0 - H ) ;  7 . 6 0  ( d ,  2H, 2x 0 - H ) .  u . v . :  lambda max 307nm.
G a m m a - q lu t a m v l - p - a m in o b e n z o a t e  ( 1 1 3 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  p - a m in o  b e n z o i c  a c i d  ( 0 . 3 4 g ) ,
w h i c h  gave ( 1 1 3 )  as a w h i t e  pow de r  ( 0 . 3 9 g ,  59%), m . p . 2 3 5 - 2 3 7 ° 0
( L i t . 183 m . p . 2 3 5 - 2 3 7 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 6 1 . 8 7 ,  H = 5 .6 6 ,  
N = 1 1 .9 7 ;  c a l c ,  f o r  O1 2 H 1 4 N2 O3 , 0 = 6 1 . 5 4 ,  H = 5 .9 8 ,  N = 1 1 .9 7 .
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1H n . m . r .  (D2 O ) :  2 . 1 5 - 2 . 2 5  (m, 2H, 13-CH2 ) ; 2 . 6 0  ( t ,  2H ,
- C H 2 -C = 0 ) ;  3 . 7 0  ( t ,  1H, a - C H ) ;  7 . 7 0  ( d ,  2H, 2x 0 - H ) ;  7 . 9 0  ( d ,  2 H ,
2x 0 - H ) .  U . V . :  lambda max 264nm.
G a m m a - g l u t a m v l - e t h y l - p - a m i n o b e n z o a t e  C114)
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  e t h y l - p - a m i n o b e n z o a t e
( 0 . 4 1 g ) ,  w h i c h  gave ( 1 1 4 )  as  a w h i t e  powder  ( 0 . 6 g ,  82%),
m . p . 1 2 7 - 1 2 9 * 0 .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 7 . 1 3 ,  H = 6 .2 9 ,  N = 9 . 4 1 ;  
c a l c ,  f o r  O1 4 H 1 8 N2 O5 , 0 = 5 7 . 1 4 ,  H = 6 .1 2 ,  N = 9 .5 2 .
1 H n . m . r .  (D 2 O ) :  2 . 1 5 - 2 . 2 0  (m, 2H, 3 -OH2 ) ;  2 . 5 9  ( t ,  2H ,
- O H 2 - 0 = 0 ) ;  2 . 7 0  ( t ,  3H, -OH3 ) ;  3 . 8 5  ( t ,  1H, a -O H ) ;  4 . 3 3  ( q ,  2 H , 
-C H 2 -0 H 3 ) :  7 .7 5  ( d ,  2H, 2x 0 - H ) ;  7 . 8 9  ( d ,  2H, 2x 0 - H ) .
U . V . :  lambda max 301nm.
G a m m a - g lu t a m v l - g a m m a - g lu t a m v l - p - n i t r o a n i l i d e  ( 1 1 5 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  g a m m a - g lu t a m y l -
p - n i t r o a n i 1 i de ( 1 0 5 )  ( 0 . 6 7 g ) ,  w h i c h  gave  ( 1 1 5 )  as a y e l l o w - w h i t e
pow der  ( 0 . 7 8 g ,  72%), m .p .  1 6 3 - 1 6 5 * 0  ( L i t . 102  m .p .  1 6 5 - 1 6 8 * 0 ) .
E l e m e n t a l  a n a l y s i s  gave 0 = 4 4 . 5 ,  H = 5 .4 ,  N = 1 2 .7 ;  c a l c .  f o r
Oi 6 H2 0 N4 O8 . 2 H2 O, 0 = 4 4 . 4 ,  H = 5 . 6 ,  N = 1 3 .0 .
1 H n . m . r .  (D2 O ):  2 . 1 3 - 2 . 2 7  (m, 4M, 2x B-OH2 ) ;  2 . 5 0  ( t ,  2H 
- O H 2 - 0 = 0 ) ;  2 . 6 3  ( t ,  2H , - 0 H 2 - 0 = 0 ) ;  3 . 7 2  ( t ,  1H, a -O H ) ;  3 . 8 5  ( t ,
1H, a -O H ) ;  7 .7 0  ( d ,  2H , 2x 0 - H ) ;  8 . 2 0  ( d ,  2H, 2x 0 - H ) .  u . v . :
lambda max 300nm.
Gamma-g1u t a m v 1- g a m m a - g l u t a m v l - c v s t e i n v l - g i v e i n e  ( 1 1 6 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  g a m m a - g lu t a m y l -
c y s t e i n y 1 - g l y c i ne ( 0 . 7 7 g ) ,  w h i c h  gave  ( 1 1 6 )  as a w h i t e  pow der  
( 0 . 5 6 g ,  51%), m . p . 1 2 7 - 9 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 1 . 0 9 ,  H = 5 .7 0 ,  
N = 1 2 .9 0 ;  c a l c ,  f o r  O1 5 H2 4 N4 O9 S ,  0 = 4 1 . 2 8 ,  H = 5 .5 0 ,  N = 1 2 .8 4 .
1 H n . m . r .  (D2 O ):  2 . 1 3 - 2 . 1 9  (m, 2H, D-OH2 ) ;  2 . 5 0  ( t ,  2H ,
- 0 H 2 - 0 = 0 ) ;  3 . 8 2  ( t ,  1H, a -O H ) .
2 . 3 . 4 . 2 6  G l u t a r i c  a n h y d r i d e  ( 1 1 7 )
A s o l u t i o n  o f  g l u t a r i c  a c i d  ( 1 . 6 g ,  12mmol)  i n  a c e t i c  a n h y d r i d e  
( 5 m l )  and h e a te d  t o  r e f l u x  u n d e r  a n h y d r o u s  c o n d i t i o n s  f o r  2 
h o u r s . T h e  r e a c t i o n  m i x t u r e  was c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  
and a l l o w e d  t o  p r e c i p i t a t e  o v e r n i g h t .  The r e s u l t i n g  s o l i d  was 
f i l t e r e d ,  washed w i t h  d r y  e t h e r  and d r i e d  i n  a d e s s i c a t o r  w h i c h  
gave ( 1 1 7 )  as a w h i t e  p ow d e r  ( 1 . 3 g ,  94%), m . p . 5 5 * 0  ( L i t . i * ^
m . p . 5 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 2 . 8 1 ,  H = 5 .1 2 ;  c a l c .  f o r
OsHeOs, 0 = 5 2 . 6 3 ,  H = 5 .2 6 .
1 H n . m . r .  (de-DMSG):  1 . 8 2 - 1 . 9 3  (m, 2H, -OH2 - OH2 -  OH2 - ) ;
2 . 7  ( t ,  4H, - 0 H 2 - C = 0 ) .
2 . 3 . 4 . 2 7  G l u t a r v l - D - n i t r o a n i l i d e  ( 1 1 8 )
A s o l u t i o n  o f  g l u t a r i c  a n h y d r i d e  ( 1 1 7 )  ( I . O g ,  8 .8 m m o l )  and 
p - n i t r o a n i 1 i n e  ( 1 . 3 g ,  9 .5 m m o l )  i n  g l a c i a l  a c e t i c  a c i d  ( 5 m l )  was
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h e a t e d  a t  7 0 *C f o r  h a l f - a n - h o u r , b e f o r e  a c e t i c  a c i d  was removed 
u n d e r  vacuum. The r e s u l t i n g  s o l i d  was w o rk e d  up i n  t h e  same manner  
as t h e  g l u t a m y l  d o n o r s ,  w h i c h  gave  ( 1 1 8 )  as  a w h i t e  pow der  ( 1 . 2 g ,  
54%),  m .p .  166°C.  E l e m e n t a l  a n a l y s i s  gave C = 5 2 .1 1 ,  H = 4 .3 8 ,  N = 1 1 .0 5 ;  
c a l c ,  f o r  C1 1 H1 2 N2 O5 , C = 5 2 .3 8 ,  H = 4 .7 6 ,  N = 1 1 .1 1 .
1 H n . m . r .  (de-DMSO):  1 . 7 5 - 1 . 9 0  (m, 2H , B-CH2 ) ;  2 . 3 5 - 2 . 5 5  (m,
4H, -CH2-C=0 ,  q-CH2 ) ;  7 . 8 0  ( d ,  2H, 2x 0 - H ) ;  8 . 3 5  ( d ,  2H, 2x
0 - H ) .  U . V . :  Imabda max 314nm.
i . r . :  3300 (w, N-H a m i d e ) ;  1700 ( s ,  C=0 a m i d e ) ;  1650 ( s ,  C=0 a c i d ) ;
1385 (m, -NO2 ) .
2 . 3 . 4 . 2 8  P h t h a l v l - 4 - a m i n o  b u t y r i c  a c i d  ( 1 1 9 )
P h t h a l y l  p r o t e c t e d  4 - a m in o  b u t y r i c  a c i d  was s y n t h e s i s e d  u s i n g  
p r o c e d u r e  2 . 3 . 4 . 7  w i t h  4 - a m i n o  b u t y r i c  a c i d  ( 2 . 5 8 g ,  25m m ol) i n s t e a d  
o f  g l y c i n e .  The s o l i d  was r e c r y s t a l l i s e d  f r o m  w a t e r ,  f i l t e r e d  and 
d r i e d  i n  a d e s s i c a t o r ,  r e s u l t i n g  i n  w h i t e  c r y s t a l s  ( 1 1 9 )  ( 6 . 2 g ,
59%),  m .p . 1 2 5 ° C .  E l e m e n t a l  a n a l y s i s  gave  C = 6 2 .3 4 ,  H = 3 .9 5 ,  N = 6 .7 5 ;
c a l c ,  f o r  C2 2 H1 6 N2 O7 , C = 6 2 .8 6 ,  H = 3 .8 1 ,  N = 6 .6 7 .
1 H n . m . r .  (de-DMSO):  1 . 9 0  (m, 2H, (3-CH2 ) ; 2 . 3 9  ( t ,  2H ,
-C H 2 -C = 0 ) ;  3 . 4 5  ( t ,  2H , a - C H z ) ;  8 . 2 0 - 8 . 4 0  (m, 4 H , 4x 0 - H ) .
2 . 3 . 4 . 2 9  P h t h a l y l - 4 - a m i n o - n - b u t v r i c  a c i d  c h l o r i d e  ( 1 2 0 )
A s u s p e n s io n  o f  p h t h a l y 1 - 4 - a m i  no b u t y r i c  a c i d  ( 1 1 9 )  ( 5 g ,  12mmol)  
i n  t h i o n y l  c h l o r i d e  ( 5 m l )  was h e a te d  t o  r e f l u x  f o r  30 m i n u t e s .  
A f t e r  c o m p l e t i o n  o f  t h e  r e a c t i o n ,  t h e  e x c e s s  t h i o n y l  c h l o r d i e  was 
removed u n d e r  r e d u c e d  p r e s s u r e  w h ic h  y i e l d e d  t h e  c r u d e  p h t h a l y l - 4 -  
a m i n o - n - b u t y r i c  a c i d  c h l o r i d e  and used w i t h o u t  f u r t h e r  
p u r i f i c a t i o n .
i . r . :  1815 ( s ,  C=0 a c i d  c h l o r i d e ) .
2 . 3 . 4 . 3 0  4 - a m i n o - n - b u t v r i c - p - n i t r o a n i l i d e  ( 1 2 1 )
A s o l u t i o n  o f  c r u d e  p h t h a l y l - 4 - a m i n o - b u t y r i c  a c i d  c h l o r i d e  ( 1 2 0 )  
(12m m o l )  and p - n i t r o a n i l i n e  ( 1 . 7 5 g ,  12 .5 m m o l )  i n  g l a c i a l  a c e t i c  
a c i d  ( 5 m l )  was h e a te d  t o  70°C f o r  h a l f - a n - h o u r . A f t e r  c o o l i n g  t h e  
e x c e s s  a c i d  was removed u n d e r  r e d u c e d  p r e s s u r e  and t h e  s o l i d  
r e s i d u e ,  was r e d i s s o l v e d  i n  m e th a n o l  ( 1 0 m l ) .  The r e s u l t i n g  s o l u t i o n  
was s t i r r e d  f o r  48 h o u r s  i n  t h e  p r e s e n c e  o f  h y d r a z i n e  h y d r a t e  
( 0 . 5 m l )  t o  a f f o r d  a w h i t e  p r e c i p i t a t e  was f i l t e r e d  and w o rk e d  up i n  
t h e  same manner as t h e  g l u t a m y l  d o n o r s  ( 1 . 7 g ,  68%), m .p . 1 6 6 * C .
E l e m e n t a l  a n a l y s i s  gave  C = 5 3 .4 5 ,  H = 6 .0 3 ,  N = 1 8 .7 6 ;  c a l c .  f o r
C1 0 H1 3 N3 O3 , C = 5 3 .8 1 ,  H = 5 . 8 3 ,  N = 1 8 .8 3 .
1 H n . m . r .  (de-DMSO):  1 . 7 0 - 1 . 8 5  (m, 2H, B-CH2 ) ;  2 . 4 5 - 2 . 6 5  (m,
4H, -CH2-C=0 ,  a-CH2 ) ;  7 . 8 9  ( d ,  2H, 2x 0 - H ) ;  8 . 4 5  ( d ,  2H , 2x
0 - H ) .  U . V . :  lambda max 315nm.
2 . 3 . 4 . 3 1  P h t h a l v l - a s p a r t i c  a n h y d r i d e  ( 1 2 2 )
P r o c e d u r e  2 . 3 . 4 , 2 4 a  was f o l l o w e d  u s i n g  a s p a r t i c  a c i d  ( 0 . 2 3 g ,
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17mmo l )  i n s t e a d  o f  g l u t a m i c  a c i d ,  w h i c h  gave  ( 1 2 2 )  as a w h i t e  
pow de r  ( 0 . 2 5 g ,  60%),  m . p . 196* C ( L i t . i  m . p . 1 9 7 * C ) .  E l e m e n t a l
a n a l y s i s  gave  C = 5 8 ,7 9 ,  H = 2 .6 8 ,  N = 5 .8 9 ;  c a l c ,  f o r  C1 2 H7 NO5 , 
C = 5 8 .7 8 ,  H = 2 .8 6 ,  N = 5 .7 1 .
1 H n . m . r .  (de-DMSO):  2 . 2 0  ( d ,  1H, (3-CH2 ) ; 5 . 3 5  ( t ,  1H, a -C H ) ;  
7 . 9 9 - 8 . 2 5  (m, 4 H , 4x  0 - H ) .
I . r . : 1840 & 1760 (m, 0=0 a n h y d r i d e ) ;  1715 ( s ,  0=0 a m id e ) .
2 . 3 . 4 . 3 2  I 3 - A s p a r t v 1 - P - n i t r o a n i  11 de ( 1 2 3 )
The 3 - a s p a r t y l - p - n i t r o a n i 1 i d e  was s y n t h e s i s e d  by f o l l o w i n g  
p r o c e d u r e  2 . 3 . 4 . 2 5  u s i n g  p h t h a l y l - a s p a r t y l  a n h y d r i d e  ( 1 2 2 )  ( 0 . 2 g ,
0 .8 2 m m o l )  and p - n i t r o a n i 1 i ne ( 0 . 1 4 g ,  I m m o l ) ,  w h i c h  gave ( 1 2 3 )  as a 
w h i t e  pow der  ( 0 . 1 5 g ,  72%),  m . p . 1 8 0 *0  ( L i t . i s  m . p . 1 8 2 * 0 ) .
E l e m e n t a l  a n a l y s i s  gave  0 = 4 7 . 4 8 ,  H = 4 .5 6 ,  N = 1 6 .8 7 ;  c a l c .  f o r
O1 0 H1 1 N3 O5 , 0 = 4 7 . 4 3 ,  H = 4 .3 5 ,  N = 1 6 .6 0 .
1 H n . m . r .  (D2 O ) :  2 . 4 5  ( d ,  2 H , D-OH2 ) ;  3 . 8 0  ( t ,  1H, a -O H ) ;
7 . 7 0  ( d ,  2H, 2x 0 - H ) ;  8 . 2 5  ( d ,  2H , 2x 0 - H ) .  u . v . :  lambda max
3 1 7nm.
2 . 3 . 4 . 3 3  G a m m a - g lu ta m y l - a m in o  a c i d
P h t h a l y l - L - g l u t a m i c  a n h y d r i d e  ( 1 0 4 )  ( 0 . 1 2 g ,  0 .8 m m o l )  was added
t o  a s t i r r e d  s o l u t i o n  o f  t h e  a p p r o p i a t e  am ino  a c i d  e s t e r  ( Im m o l )  
( p r e p a r e d  f r o m  t h e  h y d r o c h l o r i d e  as b e f o r e  2 . 3 . 4 . 1 0 )  i n  d r y  d i o x a n  
( 2 0 m l ) ,  r e s u l t i n g  i n  t h e  e v o l u t i o n  o f  h e a t .  The r e a c t i o n  m i x t u r e  
was a l l o w e d  t o  s t i r  a t  room t e m p e r a t u r e  f o r  24 h o u r s ,  a f t e r  w h ic h  
t h e  s o l v e n t  was e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e .  The r e s i d u e  was 
d i s s o l v e d  i n  aqueous  s o d iu m  h y d r o g e n  c a r b o n a t e ,  f i l t e r e d  and 
a c i d i f i e d  w i t h  2N HOI.  The r e s u l t i n g  p r e c i p i t a t e  was s t i r r e d  i n  a 
m i x t u r e  o f  m e th a n o l  ( 1 0 m l )  and w a t e r  ( 1 0 m l )  c o n t a i n i n g  30% KOH, f o r  
h a l f  an h o u r .  A c i d i f i c a t i o n  w i t h  2N HOI p r e c i p i t a t e d  t h e  f r e e  a c i d .  
A f t e r  f i l t r a t i o n  t h e  s o l i d  was d i s s o l v e d  i n  m e th a n o l  ( 1 5 m l ) ,  
h y d r a z i n e  h y d r a t e  ( 0 . 5 m l )  was added and t h e  m i x t u r e  was s t i r r e d  f o r  
48 h o u r s .  The d i p e p t i d e  p r e c i p i t a t e d  upon a c i d i f i c a t i o n  w i t h  2N 
HOI,  was f i l t e r e d ,  and t h e n  p u r i f i e d  by h . p . l . c . .  The f r e e z e  d r i e d  
p o o le d  f r a c t i o n s  w e re  r e c r y s t a l l i s e d  f r o m  aqueous  e t h a n o l  and d r i e d  
i n  a d e s s i c a t o r .
G a m m a - g l u t a m v l s a r c o s i n e  ( 1 2 4 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  s a r c o s i n e  e t h y l  e s t e r . H O I  
( 2 9 ) ,  w h i c h  gave  ( 1 2 4 )  as a w h i t e  pow der  ( 0 . 1 2 g ,  55%), m . p . 1 5 6 - 9 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 4 4 . 1 3 ,  H = 6 .5 5 ,  N = 1 2 .6 6 ;  c a l c .  f o r
O8 H1 4 N2 O5 , 0 = , 4 4 . 0 3  H = 6 .4 2 ,  N = 1 2 .8 4 .
1 H n . m . r .  (D2 O ) :  2 . 1 0 - 2 . 1 7  (m, 2H , 0 -OH2 ) ;  2 . 4 5  ( t ,  2H,
- 0 H 2 - 0 = 0 ) ;  3 . 1 4  ( s ,  3 H , OH3 ) ;  3 . 8 0  ( t ,  1H, a -O H ) ;  3 . 9 9  ( s ,  2 H ,
OH2 ) .
G a m m a - g l u t a m v l g l y c i ne ( 1 2 5 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  g l y c i n e  e t h y l  e s t e r . H C l  ( 2 ) ,  
w h i c h  gave  ( 1 2 5 )  as a w h i t e  pow der  ( 0 . 1 3 5 g ,  66%),  m .p .  1 8 9 - 1 9 1 * 0  
( L i t . 264 m . p . 1 9 1 - 1 9 2 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 1 . 4 6 ,  H = 5 .8 2 ,
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N = 1 3 .7 9 ;  c a l c ,  f o r  C7 H1 2 N2 O5 , C = 4 1 .1 8 ,  H = 5 .8 8 ,  N = 1 3 .7 3 .
 ^H n . m . r .  (D 2 O ) :  2 . 1 3 - 2 . 1 9  (m, 2 H , 13-CH2 ) ; 2 . 5 0  ( t ,  2H,
-C H 2 -C = 0 ) ;  3 . 8 2  ( t ,  1H, a - C H ) ;  3 . 9 3  ( s ,  2H, a-CH2 ) .
[ a ] =  + 1 0 . 9 ;  ( L i t . 147 [ q ] 2 0 = + 1 1 . 1 (2 .32%  i n  H2 O ) ) .
G a m m a - g l u t a m v l - B - a l a n i ne ( 1 2 6 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  ( 3 - a l a n i n e  e t h y l  e s t e r . H C l  
( 2 7 ) ,  w h i c h  gave  ( 1 2 6 )  as  a w h i t e  pow de r  ( 0 . 1 5 g ,  69%),
m . p . 1 8 9 - 1 9 1 °C ( L i t . 2 m . p . 1 9 0 - 1 9 1 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  C=,
H = ; N = ; c a l c ,  f o r  C8 H1 4 N2 O5 , 0 = 4 0 . 6 8 ,  H = 6 .7 7 ,  N = 1 1 .8 6 .
1 H n . m . r .  (D2 O ) :  2 . 1 3 - 2 . 1 9  (m, 2H, G-OH2 ) ;  2 . 3 9  ( t ,  2H,
I3-OH2 ) ;  2 . 5 0  ( t ,  2H, - 0 H 2 - C = 0 ) ;  3 . 4 3  ( t ,  2H a-CH2 ) ; 3 . 8 2  ( t ,
1H , a-OH ) .
G a m m a - g lu t a m v l a l a n i n e  ( 1 2 7 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  a l a n i n e  e t h y l  e s t e r . H C l  ( 4 ) ,  
w h i c h  gave  ( 1 2 7 )  as a w h i t e  pow der  ( 0 . 1 7g, 78%), m . p . 1 9 3 - 5 * 0
( L i t . 2 69  m . p . 1 9 3 - 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 8 1 ,  H = 6 . 5 5 ,
N = 1 1 .6 2 ;  c a l c .  f o r  O8 H1 4 N2 O5 .H2 O, 0 = 4 0 . 6 8 ,  H = 6 .7 7 ,
N=11 . 8 6 .
1H n . m . r .  (D2 O ) :  1 .4 6  ( d ,  3H, OH3 ) ;  2 . 0 9 - 2 . 1 6  (m, 2H ,
G-OH2 ) ;  2 . 4 5  ( t ,  2H, - 0 H 2 - C = 0 ) ;  3 . 7 4  ( t ,  1H, a -O H ) ;  4 . 1 6  ( q ,
1H , a - C H ) .
[ a ] =  - 5 5 . 3 ;  ( L i t . 263  [ a ] 2 9 =  - 2 8 . 0  (1% i n  H2 O ) ) .
G a m m a - g l u t a m v l - D - a l a n i n e  ( 1 2 7 a )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  D - a l a n i n e  e t h y l  e s t e r . H O I  
( 4 a ) ,  w h i c h  gave  ( 1 2 7 a )  as a w h i t e  powder  ( 0 . 1 2 g ,  55%),
m . p . 2 0 9 - 2 1 1 * 0  ( L i t . 270 m . p . 2 1 0 - 2 1 1 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  
C = 4 0 .4 6 ,  H = 6 .6 8 ,  N = 1 1 .9 2 ;  c a l c .  f o r  0 8 H i 4 N2 O5 .H2 0 ,
0 = 4 0 . 6 8 ,  H = 6 .7 7 ,  N = 1 1 .8 6 .
1 H n . m . r .  (D2 O ) :  1 .4 4  ( d ,  3H , OHs) ;  2 . 1 2 - 2 . 1 9  (m, 2 H ,
3 -CH2 ) ;  2 . 4 9  ( t ,  2H, -C H 2 -C = 0 ) ;  3 . 7 2  ( t ,  1H, a -C H ) ;  4 . 1 2  ( q ,
1H , a -O H ) .
[ a ] =  +66 ;  ( L i t . 26 9 [ a ] 2 9 =  + 4 4  ( 1% i n  H2 O ) ) .
G a m m a - g lu ta m v 1 - a - a m in o  b u t v r a t e  ( 1 2 8 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  a - a m in o  b u t y r i c  e t h y l
e s t e r . H O I  ( 3 0 ) ,  w h i c h  gave ( 1 2 8 )  as a w h i t e  powder  ( 0 . 1 9 g ,  82%),
m .p .  1 8 3 - 1 8 5 * 0  ( L i t . 2 68  m .p .  1 8 3 - 1 8 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 
0 = 4 3 . 0 1 ,  H = 7 .3 6 ,  N = 1 1 .1 0 ;  c a l c .  f o r  C9 H1 6 N2 O5 .H2 O,
0 = 4 3 . 2 0 ,  H = 7 .2 0 ,  N = 1 1 .2 0 .
1 H n . m . r .  (D2 O ) ;  0 . 9 8  ( t , 3 H ,  OH3 ) ;  1 . 6 8  (m, 2 H ,
-OH2 -OH3 ) :  2 . 0 9 - 2 . 1 6  (m, 2H, 8 -OH2 ) ;  2 . 4 4  ( t ,  2H ,
- 0 H 2 - 0 = 0 ) ;  3 . 8 0  ( t ,  1H, a -O H ) ;  3 . 9 6  ( t ,  1H, a - C H ) .
G a m m a - g lu t a m v l - 4 - a m in o  b u t v r a t e  ( 1 2 9 )
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P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  4 - a m i n o  b u t y r i c  e t h y l  
e s t e r . H C l  ( 2 8 ) ,  w h i c h  gave  ( 1 2 9 )  as a w h i t e  p ow de r  ( 0 . 1 4 g ,  60%),
m . p . 1 8 9 - 1 9 1 *C ( L i t . 2 m . p . 1 9 0 - 1 9 1 * C ) .  E l e m e n t a l  a n a l y s i s  gave  
0 = 4 3 . 2 6 ,  H = 7 .5 9 ,  N = 1 1 .5 5 ;  c a l c .  f o r  O9 H1 6 N2 O5 .H2 O,
0 = 4 3 . 2 0 ,  H = 7 .2 0 ,  N = 1 1 .2 0 .
 ^H n . m . r .  (D2 O ) :  1 . 6 3 —1 . 9 3  (m, 2H, —OH2 —OH2 —OH2 — ) ;
2 . 0 6 - 2 . 1 6  (m, 2H, B-OH2 ) ;  2 . 2 8  ( t ,  2H, -OH2 -OO2 H ) :  2 . 4 4  ( t ,
2H, -OH-OH2 -OH2 - ) : 3 . 5 0  ( t ,  2 H , a - 0 H 2 ) ;  3 . 7 6  ( t ,  1H, a - C H ) .
[ a ] =  + 1 5 . 6 ;  ( L i t . 2 [ a ] i ? =  + 7 . 3  (0 .9 %  i n  H2 O ) ) .
G a m m a - g l u t a m v l - a - a m i n o - i s o b u t v r i c  a c i d  ( 1 3 0 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  a - a m in o  i s o b u t y r i c  e t h y l  
e s t e r . H O I  ( 3 0 ) ,  w h i c h  gave  ( 1 3 0 )  as a w h i t e  pow der  ( 0 . 1 8 g ,  78%),
m . p . 1 7 7 - 9 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 3 . 4 8 ,  H = 7 .0 3 ,  N = 1 1 ,3 1 ;
c a l c ,  f o r  O9 H1 6 N2 O5 .H2 O, 0 = 4 3 . 2 0 ,  H = 7 .2 0 ,  N = 1 1 .2 0 .
1 H n . m . r .  (D2 O ) :  1 . 4 8  ( d ,  6 H , 2x OHs) ;  2 . 0 8 - 2 . 1 6  (m, 2 H ,
3 —OH2 ) ;  2 . 4 3  ( t ,  2H , —C H 2 -C = 0 ) ;  3 . 7 7  ( t ,  1H , a - C H ) .
G a m m a - g l u t a m v l v a l i ne ( 1 3 1 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  v a l i n e  e t h y l  e s t e r . H C l  ( 6 ) ,  
w h i c h  gave  ( 1 3 1 )  as a w h i t e  pow der  ( 0 . 2 0 g ,  81%),  m . p . 2 0 4 - 2 0 6 * 0
( L i t . 2 m . p . 2 0 7 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 5 . 4 7 ,  H = 7 . 7 0 ,
N = 1 0 .4 9 ;  c a l c .  f o r  Ci 0 Hi aN2 Os . H2 O, 0 = 4 5 . 4 5 ,  H = 7 . 5 6 ,
N = 1 0 . 6 1 .
1 H n . m . r .  (D2 O ) :  1 .0 0  ( d d ,  6 H , 2x OHs) ;  2 . 0 8 - 2 . 1 6  (m, 2 H ,
3 -OH2 ) ;  2 . 2 0 - 2 . 3 1  (m, 1H, 3 - C H ) ;  2 . 4 7  ( t ,  2H , -CH2 - 0 =Q) ;  3 . 7 0  
( d ,  1H, a -O H ) ;  4 . 1 2  ( t ,  1H, a -O H ) .
[ a ] =  0 . 9 ;  ( L i t . 2 [ a ] 2 5 =  0 .0  (2 .4%  i n  H2 O ) ) .
G a m m a - g lu t a m v l l e u c i n e  ( 1 3 2 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  l e u c i n e  e t h y l  e s t e r . H O I  ( 7 ) ,  
w h i c h  gave ( 1 3 2 )  as a w h i t e  pow der  ( 0 . 1 7g, 69%), m . p . 1 8 3 - 1 8 4 * 0
( L i t . 2 , 2 6  9 m . p . 1 8 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 7 . 5 1 ,  H = 7 . 9 4 ,
N = 1 0 .3 1 ;  c a l c .  f o r  C1 1 H2 0 N2 O5 .H2 O, 0 = 4 7 . 4 8 ,  H = 7 .9 1 ,
N = 1 0 . 0 7 .
1 H n . m . r .  (D2 O ) :  0 . 9 5  (m, 6 H , 2x OHs);  1 . 6 4 - 1 . 7 6  (m, 3H ,
-0 H 2 -C H - ( C H s ) 2 ) :  2 . 0 8 - 2 . 1 6  (m, 2H , 3 -OH2 ) ;  2 . 4 2  ( t ,  2H,
- O H 2 - 0 = 0 ) ;  3 . 6 8  ( t ,  1H, a - O H ) ;  4 .3 1  ( q ,  1H, a -O H ) .
[ a ] =  - 1 2 . 7 ;  ( L i t . 2 [ a ] i 9 =  - 1 3 . 5  ( 2.3% i n  H2 O ) ) .
G a m m a - g l u t a m v l i s o l e u c i n e  ( 1 3 3 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  i s o l e u c i n e  e t h y l  e s t e r . H O I
( 8 ) ,  w h i c h  gave ( 1 3 3 )  as  a w h i t e  powder  ( 0 . 1 5 g ,  61%), m . p . 1 6 5 - 8 * 0  
( L i t . 2 6 8  m . p . 1 6 7 - 9 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 7 . 3 5 ,  H = 7 . 6 2 ,
N = 1 0 .1 2 ;  c a l c .  f o r  O1 1 H2 0 N2 O5 .H2 O, 0 = 4 7 . 4 8 ,  H = 7 .9 1 ,
N = 1 0 . 07 .
1 H n . m . r .  (D2 O ) :  0 .9 1  ( t ,  3 H , OHs-OHs) :  1 . 0  ( d ,  3H ,
O H s -C H ) : 1 . 2 2 - 1 . 5 3  (m, 2H , -OHs- O H s ) :  1 . 9 0 - 2 . 0 3  (m, 1H,
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(3-CH); 2 . 0 8 - 2 . 1 7  (m, 2H , D-CHz ) ; 2 . 4 2  ( t ,  2 H , -C H 2 -C = 0 ) ;  3 . 6 4
( d ,  1H, a - C H ) ;  4 . 2 2  ( t ,  1H, a -CH)
Gamma-g 1 u tam v  I p l i e n  v i a l  an i n e  ( 1 3 4 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  p h e n y l a l a n i n e  e t h y l  e s t e r . H C l
( 9 ) ,  w h i c h  g a v e  ( 1 3 4 )  a s  a  w h i t e  p o w d e r  ( 0 . 2 1 g ,  71%), m . p . 1 7 2 - 1 73°C 
( L i t . 2 6 8  m . p . 1 6 4 - 1 7 4 * 0 ) .  E l e m e n t a l  a n a l y s i s  g a v e  0 = 5 6 . 9 2 ,  H = 6 .0 1 ,  
N = 9 .4 0 ;  c a l c ,  f o r  O1 4 H1 8 N2 O5 , 0 = 5 7 . 1 4 ,  H = 6 .1 2 ,  N = 9 .5 2 .
 ^H n . m . r .  (D2 O ) :  2 . 1 3 - 2 . 1 9  (m, 2H, B-OH2 ) ;  2 . 5 0  ( t ,  2H ,
- O H 2 - 0 = 0 ) ;  3 . 3 3  ( d ,  2H, -OH2 - 0 ) ;  3 . 7 9  ( t ,  1H, a -O H ) ;  4 . 7 0  ( t ,
1H, a - O H ) ;  7 . 3 0 - 7 . 4 8  ( m ,  5H , 5x  0 - H ) .
[ a ] =  + 1 2 . 4 ;  ( L i t . 2 7 2  [ a ] 2 s= + 1 6 . 9  (4% i n  H2 O ) ) .
G a m m a - g l u t a m v l t v r o s i ne ( 1 3 5 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  t y r o s i n e  e t h y l  e s t e r . H O I
( 1 0 ) ,  w h i c h  g a v e  ( 1 3 5 )  a s  a  w h i t e  p o w d e r  ( 0 . 2 2 g ,  71%),
m . p . 2 1 9 - 2 2 0 * 0  ( L i t . 272 m . p . 2 2 1 - 2 * 0 ) .  E l e m e n t a l  a n a l y s i s  g a v e  
0 = 5 0 . 8 4 ,  H = 6 .0 3 ,  N = 8 .1 7 ;  c a l c .  f o r  O i 4 Hi 8 N2 Oe. H2 O,
0 = 5 1 . 2 2 ,  H = 6 . 1 0 ,  N = 8 .5 4 .
i H n . m . r .  (D2 O ) :  2 . 0 9 - 2 . 1 8  (m, 2H, G-OH2 ) ;  2 . 4 5  ( t ,  2H,
- 0 H 2 - C = 0 ) ;  3 . 2 0  ( d ,  2H , OH2 - 0 ) ;  3 . 7 4  ( t ,  1H, a -O H ) ;  4 . 9 6  ( t ,
1H, a -O H ) ;  6 . 9 9  ( d ,  2H, 2x 0 - H ) ;  7 . 2 0  ( d ,  2H, 2 0 - H ) .
[ a ] =  + 2 4 . 7 ;  ( L i t . 2 7 2  [ a ] 3 i =  + 2 6 . 2  (4% i n  H2 O ) ) .
G a m m a - g l u t a m v l - 3 . 4 - d i h v d r o x v p h e n v l a l a n i n e  ( 1 3 6 )
P r o c e d u r e  2 . 3 . 4 . 3 3  w a s  f o l l o w e d  u s i n g  d i h y d r o x y p h e n y 1a l a n i n e  e t h y l  
e s t e r . HOI ( 1 1 ) ,  w h i c h  g a v e  ( 1 3 6 )  a s  a  w h i t e  p o w d e r  ( 0 . 2 0 g ,  61%),
m . p . 2 0 1 - 2 0 2 * 0  ( L i t . 2 4 7 , 2 4 8  m . p . 2 0 1 - 2 0 3 * 0 ) .  E l e m e n t a l  a n a l y s i s  
g a v e  0 = 4 8 . 5 2 ,  H = 5 . 6 9 ,  N = 7 , 9 1 ;  c a l c ,  f o r  O i 4 H is N 2 O7 . H2 O,
C = 4 8 .8 4 ,  H = 5 .8 5 ,  N = 8 .1 4 .
1 H n . m . r .  (D2 O ) :  2 . 0 8 - 2 . 1 7  (m, 2H , (3-0H2 ) ; 2 . 4 3  ( t ,  2H,
- 0 H 2 - C = 0 ) ;  3 . 1 2  ( d ,  2H , -CH2 - 0 ) ;  3 . 7 7  ( t ,  1H, a -C H ) ;  4 . 6 4  ( t ,
1H, a - O H ) ;  6 . 7 5  ( d ,  1H, 0 - H ) ;  6 . 8 2  ( s ,  1H, 0 - H ) ,  6 . 9 0  ( d ,  1H, 0 - H ) .
G a m m a - g l u t a m v l t r v t o p h a n  ( 1 3 7 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  t r y p t o p h a n  e t h y l  e s t e r . H O I
( 1 2 ) ,  w h i c h  gave  ( 1 3 7 )  as a w h i t e  pow der  ( 0 . 2 1 g ,  63%),
m . p . 1 3 8 - 1 4 0 * 0 .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 5 . 2 0 ,  H = 5 .3 9 ,  N = 1 1 .9 1 ;
c a l c ,  f o r  O i 6 Hi 7 NsO5 . H2 O, 0 = 5 5 . 0 1 ,  H = 5 .4 4 ,  N = 1 2 .0 3 .
1 H n . m . r .  (D2 O ) :  2 . 0 8 - 2 . 1 8  (m, 2 H , P-OH2 ) ;  2 . 4 5  ( t ,  2H ,
- 0 H 2 - 0 = 0 ) ;  3 . 4 4  ( d ,  2H, C H 2 - 0 = 0 - H ) ;  3 . 7 5  ( t ,  1H, a -O H ) ;  4 . 3 8
( t ,  1H, a -O H ) ;  7 . 1 5 - 7 . 3 2  (m, 3H, 2x 0 - H ,  0 = 0 - H ) ;  7 .5 2  ( d ,  1H, 0 - H ) ;  
7 .7 7  ( d ,  1H, 0 - H ) .
[ a ] =  + 7 . 5 ;  ( L i t . 2 68  [ a ] Z 3 =  + 2 3 . 0  (0 .9 %  IN H O I ) ) .
G a m m a - g l u t a m v l p r o l i ne ( 1 3 8 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  p r o l i n e  m e th y l  e s t e r . H O I  
( 3 3 ) ,  w h i c h  gave  ( 1 3 8 )  as a w h i t e  pow de r  ( 0 . 1 4 g ,  57%), m . p . 1 2 3 - 6 * 0 .
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E l e m e n t a l  a n a l y s i s  gave  C = 4 9 .6 9 ,  H = 5 .7 0 ,  N = 1 1 .2 9 ;  c a l c .  f o r  
C1 0 H1 4 N2 O5 , C = 4 9 .5 9 ,  H = 5 . 7 9 ,  N = 1 1 .5 7 .
1 H n . m . r .  (D2 O ) :  1 , 8 4 - 2 . 0 7  (m, 2H , -CH2 -CH2 -CH2 - ) :
2 . 1 3 - 2 . 3 9  (m, 4 H , 2x P-CH2 ) ;  2 . 4 5  ( t ,  2H, - C H 2 -C = 0 ) ;  3 . 5 7 - 3 . 6 6  
(m, 2H, N-CH2 -CH2 - ) :  3 . 8 7  ( t ,  1H, a - C H ) ;  3 . 9 9  ( s ,  2H , 
G-CH2 ) ;  4 . 2 5  ( t ,  1H, a - C H ) .
G a m m a - g l u t a m v l h i s t i d i n e  ( 1 3 9 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  h i s t i d i n e  m e th y l  e s t e r . H C l
( 1 3 ) ,  w h i c h  gave  ( 1 3 9 )  as a w h i t e  p o w de r  ( 0 . 2 0 g ,  70%),
m . p . 1 4 9 - 1 5 1 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 3 . 5 2 ,  H = 5 .8 3 ,  N = 1 8 .2 9 ;
c a l c ,  f o r  O1 1 H1 6 N4 O5 , 0 = 4 3 . 7 1 ,  H = 5 .9 6 ,  N = 1 8 .5 4 .
1 H n . m . r .  (D2 O ) :  2 . 1 0 - 2 . 1 9  (m, 2H , (3-OH2 ) ; 2 . 4 5  ( t ,  2 H ,
- 0 H 2 - 0 = 0 ) ;  3 . 1 0 - 3 . 3 0  (m, 2H , CH2~0=0) ;  3 . 7 9  ( t ,  1H, a -O H ) ;  4 . 0 9  
( t ,  1H, a -O H ) ;  7 . 0 2  ( s ,  1H, C = C -H ) ;  7 . 7 5  ( s ,  1H, N = 0 -H ) .
G a m m a - g l u t a m v l a s p a r t i c  a c i d  ( 1 4 0 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  a s p a r t i c  d i e t h y l  e s t e r . H O I
( 3 1 ) ,  w h i c h  gave  ( 1 4 0 )  as  a w h i t e  p o w de r  ( 0 . 1 7 g ,  65%),
m . p . 1 9 1 - 1 9 4 * 0  ( L i t . 2 /2 6 9  m . p . 1 9 2 - 1 9 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 
0 = 3 9 . 4 9 ,  H = 6 .0 5 ,  N = 1 0 .2 8 ;  c a l c ,  f o r  C9 H 1 4 N2 O7 , 0 = 3 8 . 5 7 ,
H = 5 .7 1 ,  N = 1 0 .0 0 .
1 H n . m . r .  (D2 O ) :  2 . 0 9 - 2 . 1 9  (m, 2H, (3-OH2 ) ; 2 . 4 6  ( t ,  2H,
- 0 H 2 - C = 0 ) ;  3 . 0 0  ( d ,  2H, 13-CH2 ) ; 3 . 8 2  ( t ,  1H, a -O H ) ;  4 . 1 7  ( t ,
1H , a—OH ) .
[ a ] =  + 1 7 . 8 ;  ( L i t . 2 [ a ] 2 s= + 1 9 , 5  (2% i n  1N H O I ) ) .
G a m m a - g l u t a m v l a s p a r g i ne ( 1 4 1 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  a s p a r g i n e  e t h y l  e s t e r . H O I
( 1 4 ) ,  w h i c h  gave  ( 1 4 1 )  as a w h i t e  pow der  ( 0 . 1 5 g ,  57%),  m . p . 1 7 2 - 4 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 3 8 . 4 3 ,  H = 6 .1 4 ,  N = 1 4 .7 7 ;  c a l c .  f o r
O9 H 1 5 NaOe .H2 O, 0 = 3 8 . 7 1 ,  H = 6 . 0 9 ,  N = 1 5 .0 5 .
1 H n . m . r .  (D2 O ) :  2 . 0 9 - 2 . 1 9  (m, 2H, (3-0Hz ) ; 2 . 4 5  ( t ,  2H,
- C H 2 - 0 = 0 ) ;  2 .91  ( q ,  ( J = 1 8 H z ) ,  2H, G-OH2 ) ;  3 . 7 8  ( t ,  1H, a -O H ) ;
4 . 2 0  ( t ,  1H, a -O H ) .
G a m m a - g l u t a m v l g l u t a m i c  a c i d  ( 1 4 2 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  g l u t a m i c  d i e t h y l  e s t e r . H C l
( 3 2 ) ,  w h i c h  g a v e  ( 1 4 2 )  a s  a  w h i t e  p o w d e r  ( 0 . 1 7 g ,  62%),
m . p . 1 8 9 - 1 9 1 * 0  ( L i t . 2 ,272 m . p . 1 9 1 - 1 9 2 * 0 ) .  E l e m e n t a l  a n a l y s i s  g a v e  
0 = 4 1 . 0 9 ,  H = 5 .9 0 ,  N = 9 . 6 1 ;  c a l c .  f o r  O i 0 H1 6 N2 O7 .H2 O,
0 = 4 0 . 8 2 ,  H = 6 .1 2 ,  N = 9 .5 2 .
1 H n . m . r .  (D2 O ) :  2 . 0 4 - 2 . 1 7  (m, 4 H , 2 x 3 -OH2 ) ;  2 . 4 4  ( t ,  2H , 
- O H 2 - 0 = 0 ) ;  2 . 5 3  ( t ,  2H , - 0 H 2 - 0 = O ) ;  3 . 6 4  ( t ,  1H, a -O H ) ;  4 . 1 8  ( t ,
1H , a—OH )
[ a ] =  + 1 1 . 3 ;  ( L i t . 2 [ a ] i ? =  (1 .1 %  i n  H2 O ) ) .  
G a m m a - L - g l u t a m v l - D - g l u t a m i c  a c i d  ( 1 4 2 a )
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P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  D - g l u t a m i c  d i e t h y l  e s t e r . H C l  
( 3 2 a ) w h i c h  gave  ( 1 4 2 a )  as  a w h i t e  powder  ( 2 . 2 g ,  80%),  m . p . 1 7 3 - 5 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 9 6 ,  H = 6 .3 8 ,  N = 9 . 7 7 ;  c a l c .  f o r
O i o H i 6 N2 O7 .HzO, 0 = 4 0 . 8 2 ,  H = 6 . 1 2 ,  N = 9 .5 2 .
1 H n . m . r .  (D2 O ) :  2 . 0 8 - 2 . 1 8  (m, 4H , 2 x P-OH2 ) ;  2 . 4 9  ( t ,  2H,
- 0 H 2 - 0 = 0 ) ;  2 .51  ( t ,  2H, -OH2 - 0 = 0 ) ;  3 . 6 8  ( t ,  1H, a - C H ) ;  4 .1 1  ( t ,
1H, a -CH)
G a m m a - g lu ta m v lg 1u t a m i ne ( 1 4 3 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  g l u t a m i n e  m e t h y l  e s t e r . H C l
( 1 5 ) ,  which gave ( 1 4 3 )  as a w h i te  powder ( 0 . 1 8 g ,  65%),
m . p . 1 9 0 - 1 9 2 * 0  ( L i t . 273 m . p . 1 9 4 - 1 9 5 * 0 ) .  Elemental a n a ly s is  gave
0 = 4 3 . 7 2 ,  H = 6 .1 0 ,  N = 1 5 .0 4 ;  c a l c ,  f o r  O1 0 H1 7 N3 O6 , 0 = 4 3 . 6 4 ,
H = 6 . 1 8 ,  N = 1 5 .2 7 .
1H n . m . r .  (D2 O ) :  2 . 0 2 - 2 . 1 9  (m, 4H, 2x B-OH2 ) ;  2 . 4 7  ( t ,  2H , 
-CH2“ 0 = 0 ) ;  2 . 5 5  ( t ,  2H, - C H 2 - C = 0 ) ;  3 . 7 4  ( t ,  1H, a - C H ) ;  4 . 3 4  ( t ,
1H, a - C H ) .
[ a ] = + 1 2 . 1 ;  (1% i n  0 . 5 N H C 1 ) ;  ( L i t . 2 6 o [ a ] 2 o = + i 2 . 5  (1% 0 .5 N
H O D ) .
G a m m a - g l u t a m v l t h r e o n i n e  ( 1 4 4 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  t h r e o n i n e  e t h y l  e s t e r . H O I
( 1 6 ) ,  w h i c h  gave  ( 1 4 4 )  as a w h i t e  p o w d e r  ( 0 . 1 4 g ,  56%),
m . p . 1 7 0 - 1 7 3 * 0  (Lit.269 m . p . 1 7 2 - 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave
C = 4 0 .7 3 ,  H = 6 .8 7 ,  N = 1 0 .6 1 ;  c a l c .  f o r  O s H i6 NzOe. HzO,
0 = 4 0 . 6 0 ,  H = 6 .7 7 ,  N = 1 0 .5 3 .
1 H n . m . r .  (D2 O ) ;  1 .3 2  ( d ,  3H, - O H s ) ;  2 . 0 8 - 2 . 1 7  (m, 2H ,
3 -CH2 ) ;  2 . 4 5  ( t ,  2H, - C H 2 - C = 0 ) ;  3 . 5 8  ( d ,  1H, a - C H ) ;  3 . 7 8  ( t ,
1H, a - C H ) ;  4 . 2 - 4 . 3  (m, 1H, G-OH).
G a m m a - g l u t a m v l s e r i ne ( 1 4 5 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  s e r i n e  m e t h y l  e s t e r . H C l  ( 1 7 ) ,  
w h i c h  gave  ( 1 4 5 )  as a w h i t e  powder  ( 0 . 1 6 g ,  68%), m . p . 1 4 8 - 9 * 0 .
E l e m e n t a l  a n a l y s i s  gave  0 = 3 8 . 4 7 ,  H = 6 .3 1 ,  N = 1 1 .6 5 ;  c a l c .  f o r
O aH i4 N2 O6 .H2 O, 0 = 3 8 . 1 0 ,  H = 6 . 3 5 ,  N = 1 1 .1 1 .
1 H n . m . r .  (D2 O ) :  2 . 0 8 - 2 . 1 8  (m, 2H, G-OH2 ) ;  2 . 4 3  ( t ,  2H,
- 0 H z - C = O ) ;  3 . 7 7  ( t ,  1H, a - O H ) ;  4 , 0 5  ( t ,  1H, a - C H ) ;  3 . 9 7  ( d ,  2H,
OH2 —OH) .
G a m m a - g l u t a m v l c v s t e i ne ( 1 4 6 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  c y s t e i n e  e t h y l  e s t e r . H C l
( 1 8 ) ,  w h i c h  gave  ( 1 4 6 )  as  a w h i t e  p ow de r  ( 0 . 1 7g ,  68%),
m . p . 1 6 2 - 1 6 4 * 0  ( L i t . 2 m . p . 1 6 4 - 6 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave
0 = 3 3 . 4 0 ,  H = 6 . 0 5 ,  N = 9 .3 4 ;  c a l c .  f o r  OaHi 4 NzO5 S . 2 H2 O ,
0 = 3 3 . 5 7 ,  H = 6 .2 9 ,  N = 9 .7 9 .
1 H n . m . r .  (D z O ) :  2 . 1 7 - 2 . 2 7  (m, 2H, G-CHz) ;  2 . 5 0  ( t ,  2H ,
- C H 2 - C = 0 ) ;  3 . 0 7 - 3 . 1 5  (m, 2 H , CH2 - S ) ;  4 .0 1  ( t ,  1H, a - C H ) ;  4 . 1 7
( t , 1H , a -O H ) .
[ a ] =  + 1 5 . 5 ;  ( L i t . 3 [ a ] 2 a =  + 1 2 . 4  ( 1 . 69% i n H2 O ) ) .
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G a m m a - g lu t a m v l m e t h i o n i n e  ( 1 4 7 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  m e t h i o n i n e  m e t h y l  e s t e r . H C l
( 1 9 ) ,  w h i c h  gave ( 1 4 7 )  as  a w h i t e  p o w de r  ( 0 . 1 8 g ,  65%),
m . p . 2 0 2 - 2 0 5 ” C ( L i t . 264 m . p . 2 0 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  
0 = 4 2 . 8 0 ,  H = 6 . 8 9 ,  N = 9 .9 7 ;  c a l c ,  f o r  O ioH i aNzOsS, 0 = 4 3 . 1 7 ,
H = 6 .4 7 ,  N = 1 0 .0 7 .
1H n . m . r .  (D z O ) ;  2 . 1 0 - 2 . 2 3  (m, 7H, 2x P-OHz, O Hs) ;  2 . 4 5  ( t ,
2H, - 0 H z - 0 = O ) ;  3 . 7 8  ( t ,  1 H , a - H ) ;  4 . 3 8  ( t ,  1H, a -O H ) .
[ a ] =  - 1 2 . 3 ;  ( L i t . 2 [ a ] 2 o= - g  ( 1 . 4 % i n  H z O ) ) .
G a m m a - g lu ta m v l1v s i ne ( 1 4 8 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  l y s i n e  e t h y l  e s t e r . 2 H C 1  ( 2 0 ) ,  
w h i c h  gave  ( 1 4 8 )  as  a w h i t e  pow der  ( 1 . 4 g ,  51%),  m . p . 2 2 9 - 2 3 2 * 0
( L i t . 264 m . p . 2 3 2 - 2 3 4 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 7 . 6 5 ,  H = 7 .7 9 ,  
N = 1 4 .9 8 ;  c a l c ,  f o r  O i 1 Hz 1 NsOs, 0 = 4 8 . 0 0 ,  H = 7 . 6 8 ,  N = 1 5 .3 0 .
iH  n . m . r .  (D z O ) :  1 .1 9  ( t ,  2H, -CHz- N H z ) :  1 . 3 8 - 1 . 6 0  (m,
2H, - C H - C H z - O H z -O H z - ) : 1 . 6 8 - 1 . 7 8  (m, 2H , -OHz-OHz
- N H z ) ;  1 . 8 6 - 1 , 9 4  (m, 2H, -OH-OHz-OHz-OHz- ) :  2 . 0 8 - 2 . 1 9  (m,
2H, G -O Hz) ;  2 . 4 5  ( t ,  2H , - C H z - 0 = 0 ) ;  3 . 6 3  ( t ,  1H, a -O H ) ;  3 . 7 8  
( t , 1H , a -O H ) .
G a m m a - g l u t a m v l a r g i n i  ne ( 1 4 9 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  a r g i n i n e  e t h y l  e s t e r . H O I
( 2 1 ) ,  w h i c h  gave ( 1 4 9 )  as a w h i t e  pow der  ( 0 . 2 1 g ,  69%),  m . p . 1 5 2 - 5 * 0 .
E l e m e n t a l  a n a l y s i s  gave  0 = 4 0 . 3 7 ,  H = 7 .2 5 ,  N = 2 1 .6 2 ;  c a l c .  f o r
O i i H z i N s O s ,  0 = 4 1 . 1 2 ,  H = 7 . 1 7 ,  N = 2 1 . 8 1 .
1 H n . m . r .  (D z O ) :  1 . 5 5 - 1 . 7 0  (m, 2H, -OHz-OHz-OHz- ) :
1 . 7 0 - 1 . 8 6  (m, 2H, -OHz- N H - ) : 1 . 9 5 - 2 . 1 0  (m, 4 H , 2x G -OHz) ;
2 . 3 9  ( t ,  2H, - O H z ) ;  3 . 8 0  ( t ,  1H, a -O H ) ;  4 . 0 7  ( t ,  1H, a -O H ) .
G a m m a -g lu ta m v 1g l V C v l g 1v c i ne ( 1 5 0 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  g l y c y 1g l y c i ne e t h y l  e s t e r . H O I  
( 3 5 ) ,  w h i c h  gave ( 1 5 0 )  as  a w h i t e  pow de r  ( 0 . 1 7g ,  65%),
m . p . 1 8 0 - 1 8 2 * 0  ( L i t . 2 6 7 ,2 6 9  m . p . 1 8 0 - 1 8 3 * 0 ) .  E l e m e n t a l  a n a l y s i s  
gave  0 = 4 0 . 9 3 ,  H = 5 .9 8 ,  N = 1 5 .8 9 ;  c a l c .  f o r  OgHisNsOe,
0 = 4 1 . 3 8 ,  H = 5 .7 5 ,  N = 1 6 .0 9 .
1 H n . m . r .  (D z O ) :  2 . 1 0 - 2 . 1 9  (m, 2H, G-OHz) ;  2 . 4 8  ( t ,  2H,
- 0 H z - 0 = 0 ) ;  3 . 7 8  ( t ,  1H, a - O H ) ;  3 . 8 2  ( s ,  2H, a - O H z ) ;  3 . 8 7  ( s ,
2H , a—OHz) .
[ a ] =  + 4 . 0 ;  ( L i t . 2 [ a ] 2 s =  + 2 . 4  (0 .93%  i n  H z O ) ) .
G a m m a - g lu ta m v lg 1 V C v l g l V C v l g 1v c i  ne ( 1 5 1 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  g l y c y l g l y c y l  g l y c i n e - e t h y 1 
e s t e r . H O I  ( 3 6 ) ,  w h i c h  gave  ( 1 5 1 )  as a w h i t e  pow de r  ( 1 . 9 g ,  60%),
m . p . 1 3 7 - 9 * 0 .  E l e m e n t a l  a n a l y s i s  gave  0 = 3 9 . 4 2 ,  H = 6 . 2 9 ,  N = 1 6 .4 7 ;
c a l c ,  f o r  O1 1 H1 8 N4 O7 , 0 = 3 9 . 2 9 ,  H = 5 .9 5 ,  N = 1 6 .6 6 .
1 H n . m . r .  ( DzO) :  2 . 1 0 - 2 . 1 8  (m, 2H,  G-OHz) ;  2 . 4 5  ( t ,  2H,
- 3 2 3 -
APPENDIX 1
- C H 2 -C = 0 ) ;  3 . 7 4 - 3 . 8 0  Cm, 3H, a-CH,  a - C H z ) ;  3 .91  ( s ,  2 H ,
a - C H z ) ;  4 . 0 5  ( s ,  2H, a-CHz ) .
G a m m a - g l u t a m v l n o r l e u c i ne ( 1 5 2 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  n o r l e u c i n e  m e t h y l  e s t e r . H C l
( 2 2 ) ,  w h i c h  gave  ( 1 5 2 )  as a w h i t e  pow der  ( 1 . 8 g ,  69%),
m . p . 1 7 9 - 1 8 2 * 0 .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 7 . 3 6 ,  H = 7 .8 6 ,  N = 1 0 .2 7 ;
c a l c ,  f o r  O i l  H2 0 N2 O5 .HzO, 0 = 4 7 . 4 8 ,  H = 7 .9 1 ,  N = 1 0 .0 7 .
1 H n . m . r .  (D z O ) :  0 .9 1  ( t ,  3H, OH3 ) ;  1 . 2 7 - 1 . 4 3  (m, 4 H ,
- CHZ-CH2 -CH3 ) :  1 . 7 5 - 1 . 9 5  (m, 2H . -OH-OHz-OHz-OHz- ) :
2 . 0 8 - 2 . 1 9  (m, 2 H ,  G - O H z ) ;  2 . 4 3  ( t ,  2 H , - O H z - 0 = 0 ) ;  3 . 7 0 - 3 . 8 2  (m,
2H, 2x  a - C H ) .
Gamma-g1u t a m v I n o r v a l i n e  ( 1 5 3 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  n o r v a l i n e  m e t h y l  e s t e r . H O I
( 2 3 ) ,  w h i c h  gave  ( 1 5 3 )  as a w h i t e  powder  ( 1 . 5 g ,  61%),  m . p . 1 6 5 - 7 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 4 5 . 1 8 ,  H = 7 .6 9 ,  N = 1 0 .8 0 ;  c a l c .  f o r
O i 0 H1 aNzOs.HzO, 0 = 4 5 . 4 5 ,  H = 7 . 5 6 ,  N = 1 0 .6 1 .
1 H n . m . r .  (D z O ) :  0 . 9 2  ( t ,  3 H , OHs) ;  1 . 3 1 - 1 , 4 8  (m, 2 H ,
-OH2 -OH2 -CH3 ) :  1 . 7 3 - 1 . 9 0  (m, 2H, -OHz-OHz-OHa) :
2 . 0 8 - 2 . 1 8  (m, 2H, G -OHz) ;  2 . 4 5  ( t ,  2H, - 0 H z ~ 0 = 0 ) ;  3 . 7 0 - 3 . 8 1  (m,
2H, 2x a -O H ) .
C a ] = - 1 3 . 2 ;  ( L i t . 25? [ a ] 2 3 =  - n . i  ( 1 . 8 % i n  H z O ) ) .
Gamma-g1u t a m v 1 - S - m e t h v l - c v s t e i ne ( 1 5 4 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  S - m e t h y l - c y s t e i n e  m e th y l
e s t e r . H C l  ( 2 4 ) ,  w h i c h  gave  ( 1 5 4 )  as  a w h i t e  pow der  ( 1 . 4 g ,  53%),
m .p .  1 0 6 - 1 0 8 * 0  ( L i t . 2 m . p . 1 0 7 - 9 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 
0 = 3 8 . 7 2 ,  H = 6 .6 8 ,  N = 9 .9 1 ;  c a l c .  f o r  CsH isNzOs.HzO,
0 = 3 8 . 3 0 ,  H = 6 .3 8 ,  N = 9 .9 3 .
1 H n . m . r .  (D zO ) :  2 . 0 8 - 2 . 1 4  (m, 5H, G-OHz, OH3 ) ;  2 . 4 6  ( t ,
2 H ,  - 0 H z - C = O ) ;  2 . 9 4 - 3 . 1 2  (m, 2 H , - C H z - S - ) ;  3 . 7 7  ( t ,  1 H,  a -O H ) ;
3 . 9 3  ( t ,  1H, a -O H ) .
[ a ] =  - 1 9 . 3 ;  ( L i t . 2 [ a ] 2  5= - 2 0 . 5  (2 .2 2%  i n  H z O ) ) .  
G a m m a - g l u t a m v l o h e n v l g l v c i n e  ( 1 5 5 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  p h e n y l g l y c i ne e t h y l  e s t e r , H O I  
( 2 5 ) ,  w h i c h  gave  ( 1 5 5 )  as  a w h i t e  powder  ( 1 . 9 g ,  68%),  m . p . 2 0 1 - 2 * 0 .  
E l e m e n t a l  a n a l y s i s  gave  0 = 5 2 . 0 4 ,  H = 6 .3 6 ,  N = 9 .4 8 ;  c a l c .  f o r
Oi 3 H 1 aNzOs .HzO, 0 = 5 2 . 3 5 ,  H = 6 . 0 4 ,  N = 9 . 4 0 .
1 H n . m . r .  ( D z O ) :  2 . 1 1 - 2 . 1 9  (m, 2 H ,  G - O H z ) ; 2 . 4 5  ( t ,  2 H ,
- O H z ) ;  3 . 7 5  ( t ,  1H, a -O H ) ;  4 . 1 4  ( t ,  1H, a -O H ) ;  7 . 2 4 - 7 . 3 7  (m, 5H,
5x 0 - H ) .
G a m m a - g l u t a m v l - S - b e n z v l - c v s t e i ne ( 1 5 6 )
P r o c e d u r e  2 . 3 . 4 . 3 3  was f o l l o w e d  u s i n g  S - b e n z y 1- c y s t e i ne e t h y l  
e s t e r . H O I  ( 2 6 ) ,  w h i c h  gave  ( 1 5 6 )  as a w h i t e  pow der  ( 2 . 4 g ,  71%),
m . p . 1 7 1 - 4 * 0 .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 1 . 2 6 ,  H = 6 .2 9 ,  N = 7 .1 4 ;  c a l c ,  
f o r  Oi 7 H z o N z 0 5 S . 2 H z O ,  0 = 5 1 . 0 0 ,  H = 6 . 0 0 ,  N = 7 . 0 0 .
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1H n . m . r .  (D z O ) :  2 . 0 7 - 2 . 1 9  (m, 2H , G-CHz) ;  2 . 4 3  ( t ,  2H, 
- C H z - C = 0 ) ;  2 . 9 5  ( d ,  2H, - C H z - 0 ) ;  3 . 7 2 - 3 . 9 0  (m, 3H , a -CH ,  
- C H - C H z - S ) : 4 . 1 0  ( t ,  1H, a - C H ) ;  7 . 3 5 - 7 . 5 5  (m, 5H, 5x 0 - H ) .
G a m m a - g l u t a m v l t a u r i n e  ( 1 5 7 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  t a u r i n e ,  w h ic h  gave ( 1 5 7 )  as  
a w h i t e  pow der  ( 1 . 4 g ,  55%), m . p . 2 2 1 - 2 2 3 * 0  ( L i t . 2 m .p .
2 2 3 . 5 - 2 2 4 . 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 3 0 . 5 2 ,  H = 6 .0 1 ,  N = 1 0 .2 6 ;
c a l c ,  f o r  O7 H 1 4 N z06S .H z0 ,  0 = 3 0 . 8 8 ,  H = 5 .8 8 ,  N = 1 0 .2 9 .
1 H n . m . r .  ( D z O ) :  2 . 0 9 - 2 . 1 9  (m, 2 H ,  G - O H z ) ;  2 . 4 4  ( t ,  2H,
- 0 H z - 0 = O ) ;  3 . 2 6  ( t ,  2 H ,  - O H z - S O s H ) :  3 . 4 2  ( t ,  2 H ,
- O H z - O H z - S O s H ) : 3 . 7 7  ( t ,  1 H ,  a - O H ) .
G a m m a - g l u t a m v l g l v c i n a m i de ( 1 5 8 )
P r o c e d u r e  2 . 3 . 4 . 2 5  was f o l l o w e d  u s i n g  g 1y c i n a m i de ( 5 7 ) ,  w h i c h  gave  
( 1 5 8 )  as a w h i t e  pow de r  ( O . l l g ,  5 4 % ) ,  m . p . 2 1 1 - 2 1 2 * 0  ( L i t . 2 6 8  m .p .  
2 1 3 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 4 1 . 3 0 ,  H = 6 . 5 4 ,  N = 2 0 . 6 1 ;  c a l c ,  f o r  
O7 H 1 3 N3 O4 , 0 = 4 1 . 3 8 ,  H = 6 . 4 0 ,  N = 2 0 . 6 9 .
1 H n . m . r .  ( D z O ) :  2 . 0 9 - 2 . 1 6  (m, 2H, G - O H z ) ;  2 . 4 7  ( t ,  2H,
- 0 H z - 0 = 0 ) ;  3 . 7 6  ( t ,  1H, a - C H ) ;  3 . 8 3  ( s ,  2 H ,  a - C H z ) .
[ a ] =  + 2 5 . 5 ;  (3% i n  0 . 5 N H C 1 ) ;  ( L i t . 288 [ a ] 2 s =  + 2 6 . 0  (3% i n
H O I ) ) .
2 . 3 . 4 . 3 4  D L - 5 - O x o - n o r l e u c i n e  ( 1 5 9 )
A s o l u t i o n  o f  s o d iu m  e t h o x i d e  was p r e p a r e d  by a d d in g  s o d iu m  
( 0 . 1 5 g )  t o  a b s o l u t e  e t h a n o l  ( 2 0 m l ) ,  t o  t h i s  was added d i e t h y l  
a c e t a m id e  m a lo n a t e  ( 2 1 . 7 2 g ,  O . i m o l )  ( 2 0 m l ) .  M e th y l  v i n y l  k e t o n e
( 0 . 5 m l ,  0 . 1 3 m o l )  was added d r o p w i s e  o v e r  a p e r i o d  o f  2 h o u r s  a t  RT
w i t h  s t i r r i n g .  A f t e r  t h i s  2 h o u r s ,  t h e  r e a c t i o n  m i x t u r e  was g e n t l y  
h e a te d  t o  r e f l u x  f o r  6 h o u r s ,  a f t e r  c o o l i n g  t h e  e x c e s s  s o l v e n t  was
removed u n d e r  p r e s s u r e  w h ic h  gave  a t h i c k  l i g h t  brown o i l .  To t h e
o i l  was added d r o p w i s e  3M a qu eous  H C l ,  a f t e r  t h e  v i g o r o u s  b u b b l i n g  
had s t o p p e d ,  t h e  r e a c t i o n  m i x t u r e  was g e n t l y  h e a te d  u n d e r  r e f l u x ,  
w h e re upon  c o n c e n t r a t e d  HOI ( 3 5 m l )  was added d r o p w i s e  o v e r  one h o u r .  
A f t e r  a d d i t i o n  o f  t h e  c o n c e n t r a t e d  HCl t h e  r e a c t i o n  m i x t u r e  was 
h e a te d  u n d e r  r e f l u x  f o r  a f u r t h e r  5 h o u r s .  Upon c o o l i n g  t h e  e x c e s s
a c i d  was removed u n d e r  r e d u c e d  p r e s s u r e ,  t h e  r e s i d u e  was
n e u t r a l i z e d  t o  pH 6 w i t h  c o n c e n t r a t e d  NH4 OH. Upon 
r e c r y s t a l l i s a t i o n  o f  t h e  b rown s o l i d  f r o m  w a t e r ,  a w h i t e  s o l i d  o f  
5 - o x o - n o r l e u c i n e  ( 1 5 9 )  was o b t a i n e d ,  w h ic h  t u r n e d  p a l e  y e l l o w  upon 
d r y i n g  i n  a d e s s i c a t o r  ( 5 . 1 g ,  35%),  m . p . 2 0 1 - 3 * 0  ( L i t . ^ z z  m .p .
2 0 2 - 3 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave 0 = 4 9 . 8 8 ,  H = 7 .6 7 ,  N = 9 .8 0 ;  c a l c ,  
f o r  O eH i iN O s ,  0 = 4 9 . 6 6 ,  H = 7 .5 9 ,  N = 9 .6 6 .
1 H n . m . r .  ( D z O ) :  2 . 1 - 2 . 6  (m, 2 H , p - O H z ) ;  2 . 3 2  ( s ,  3 H , OH3 ) ;
3 . 0 0  ( t ,  2H, -OHz- 0 = 0 ) ;  4 . 9 3  ( t ,  1H, a -O H z ) .
2 . 3 . 4 . 3 5  D i e t h y l  & m o n o e th v l  m a l a t e  (1 6 0 + 1 6 1 )
To a s o l u t i o n  o f  a n h y d r o u s  m a l e i c  a c i d  ( 4 . 5 g ,  0 . 0 5 m o l )  i n  a 
m i x t u r e  o f  a b s o l u t e  e t h a n o l  (10m l  0 . 1 7 m o l )  and s o d i u m - d r i e d  t o l u e n e
- 3 2 5 -
APPENDIX 1
( 1 9 m l )  was added c o n c e n t r a t e d  s u l p h u r i c  a c i d  ( 2 m l )  and t h e  r e a c t i o n  
m i x t u r e  h e a te d  u n d e r  r e f l u x  f o r  24 h o u r s .  A f t e r  t h i s  p e r i o d  t h e  
r e a c t i o n  m i x t u r e  was p o u re d  i n t o  25ml o f  w a t e r ,  and t h e  aqu e ous  
l a y e r  was s e p a r a t e d  and e x t r a c t e d  w i t h  e t h e r .  The e t h e r  e x t r a c t s  
w e re  com b in e d  w i t h  t h e  t o l u e n e  l a y e r  and washed w i t h  e x c e s s  aqu eous  
s o d iu m  h y d r o g e n  c a r b o n a t e  s o l u t i o n  and t h e n  w a t e r .  The o r g a n i c  
l a y e r  was removed and d r i e d  o v e r  a n h y d r o u s  s o d iu m  s u l p h a t e ,  
s o l v e n t s  we re  removed by d i s t i l l a t i o n ,  and t h e  
o b t a i n e d .
The
e s t e r s  we re
D i e t h y l  E s t e r  ( 1 6 0 )  ( 4 . 5 g ,  62%),  b . p .  1 8 2 - 1 8 3 * 0  . E l e m e n t a l  
a n a l y s i s  gave 0 = 4 9 . 3 8 ,  H = 6 .8 5 ;  c a l c ,  f o r  O6 H1 0 O4 , 0 = 4 9 . 3 2 ,  
H = 6 .8 5 .
 ^H n . m . r .  (de-DMSO):  1 . 2 4  ( t ,  6H, 2x -OH3 ) ;  4 . 1 6  ( q ,  2H, 2x 
-OH2 ) ;  6 . 7 5  ( s ,  2H, H - 0 = 0 - H ) .
i . r . :  ( t h i n  f i l m ) :  1 7 4 0 -1770  ( R - 0 = 0 - 0 0 2 E t ) ;  1190 ( C O z E t ) .
M o n o e th y l  E s t e r  ( 1 6 1 )  ( 1 . 5 g ,  25%),  b . p .  117*0 /15mm H g . E l e m e n t a l  
a n a l y s i s  gave 0 = 4 1 , 0 2 ,  H = 5 .1 3 ;  c a l c ,  f o r  O4 H6 O4 , 0 = 4 0 . 6 8 ,  
H = 5 .0 8 .
1 H n . m . r .  (de-DMSO):  1 .21  ( t ,  3H, - O H 3 ) ;  4 . 1 2  ( q ,  2H,
- O H z ) ;  6 . 7 2  ( s ,  1H, H - O - O O 2 O 2 H 5 ) ;  6 . 8 2  ( s ,  1H, H - O - O O 2 H ) .
2 . 3 . 4 . 3 6  N - A c e t v l - p - n i t r o a n i 1 i d e  ( 1 6 2 )
A s o l u t i o n  o f  p - n i t r o a n i l i n e  ( 1 g ,  7mmol) i n  a m i x t u r e  o f  g l a c i a l  
a c e t i c  a c i d  ( 1 0 m l )  and a c e t i c  a n h y d r i d e  ( 1 0 m l )  was h e a t e d  u n d e r  
r e f l u x  f o r  one h o u r .  A f t e r  t h i s  t i m e  p e r i o d  t h e  e x c e s s  a c i d  and 
a n h y d r i d e  were  removed u n d e r  vacuum and t h e  s o l i d  r e c r y s t a l l i s e d  
f r o m  m e t h a n o l ,  f i l t e r e d ,  washed w i t h  d r y  e t h e r ,  and t h e n  d r i e d  
o v e r n i g h t  i n  a d e s s i c a t o r  ( 0 , 9 g ,  69%),  m . p . 2 1 5 * 0  ( L i t . 3 m .p .  
2 1 5 * 0 ) .  E l e m e n t a l  a n a l y s i s  gave  0 = 5 3 . 1 6 ,  H = 4 .4 4 ,  N = 1 5 .6 1 ;  c a l c ,  f o r  
OeHsNzOs, 0 = 5 3 . 3 3 ,  H = 4 .4 4 ,  N = 1 5 .5 6 .
1H n . m . r  
8 . 2 0  ( d ,
(de-DMSO):  2 .1 3
2H, 2x 0 - H ) .  u . v
( s ,  3H, OHs) 
: lambda max
7 . 8 2  ( d ,  
316nm.
2H, 2x 0 - H ) ;
326-
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Below are some kinetic considerations which clearly show how the kinetics of this enzyme are complicated by the various competing reactions.
E-G-0
E-G-D
E-G-A
EG-A
E-G
Mechanism 1: Proposed mechanism by Thompson & Meister.^^
Mechanism 1, is based around the reaction of the enzyme taking place as a ping-pong mechanism in accordance with the findings of several workers and the work in this study. This ping-pong process occurs via a ganima-glutamyl-enzyme intermediate, which is formed from a gamma-glutamyl-donor, and is released from the enzyme by the attack of a subsequent nucleophile, ie: water or an acceptor. The following kinetic considerations are those of several workers, which were summarised by Thompson & Meister.^^
The various reactions postulated are as follows:
Reaction 1, where the gamma-glutamyl-donor reversibly to the free enzyme (E), thusgamma-glutamyl-donor-enzyme complex (E-G-D). This is cleaved by an active nucleophile on the enzyme 2), forming the gamma-glutamyl-enzyme intermediate (E-G
(G-D) binds forming a subsequently (reaction
This key intermediate (E-G) can now undergo one of two alternative processes. Either irreversible hydrolysis (reaction 5), where a water molecule is the attacking nucleophile, thus liberating glutamate or reaction 3, where an acceptor binds to the gamma-glutamyl-enzyme intermediate forming a complex (E-G-A).
Reaction 3 is followed by reaction 4 in which the acceptor behaves
327 -
as a nucleophile in attacking the intermediate and liberating a transpeptidation product, gamma-glutamyl-acceptor (G-A). Reactions 3 and 4 were postulated to be reversible, thus a gamma-glutamyl-acceptor is able to behave as an acceptor, as shown by other workers and confirmed in this study,
Reaction 6 represents the competitive inhibition of some acceptors, which are able to bind to the free enzyme and form dead-end enzyme-acceptor complexes.
Thompson & Meister^^ were able to derive the velocity equations as follows,
Equation 1: based on reactions 1,2,5 and 6.
-  Vh [G - P ]
Equation 2: based on reactions 1-5.
VJG-D](1 + ^ )
k„ ( 1 + ^ )  + Cg-03(1+^M
Equation 3: based on reactions 1-6.
v,CG-o](l + ^ )
''J ’'iao ''‘t
where
Maximum velocity of hydrolysis:
v.=
Michaelis constant for hydrolysis:
K - M & l M
Inhibition constant for acceptor = dissociation constant of E-A complex :
Michaelis constant for transfer to A: ^ " k,(kz+lq)
-  ^ K , Vh
where Vt is the maximum velocity of transfer to A,
The reactions covered in mechanism 1, are fine as they stand, but they do not cover all of the possible reactions which are able to take place. For example autotranspeptidation, even though it has been shown to be very minimal in the presence of a good donor and acceptor. However, if a poor donor is used ie:
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glutamine, or a poor acceptor, le: glycine, then the
autotranspeptidation reaction can be a significant contribution to the overall rate of reaction. This autotranspeptidation reaction is represented by reactions 9 and 10 In Mechanism 2, where a gamma-glutamyl donor, behaves as an acceptor. It binds to the key gamma-glutamyl-enzyme Intermediate forming a complex (E-G-G-D) which subsequently releases the autotranspeptidation product (G-G-D).
Another possible pathway from E-G is represented in the modified scheme (Figure 2), by reactions 7 and 8. These reactions represent the competition that transpeptidation products such as gamma-glutamyl-acceptors, can have when acting as acceptors, thus forming gamma-glutamyl-gamma-glutamyl-acceptors.
Mechanism 2: Modified Scheme of the mechanism of GGT.
E-G-0E-G-D[ià
G-D
E-A
- 4
E-G-A 
E G-A
G-A
E G “G ■ A
It Is hoped that velocity equations for the modified scheme will e derived and used In conjunction with a computer kinetic fitting rogram to elucidate further the complex nature of this enzyme.
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B e low  a r e  tw o  c o m p u t e r  p r o g r a m s ,  w h i c h  have  been a d a p t e d  f r o m  
o t h e r  p r o g r a m s  t o  s u i t  t h e  r e q u i r e m e n t s  o f  t h i s  s t u d y .  The f i r s t  i s  
a d a p te d  f r o m  a h y d r o p h o b i c i t y  p r o g r a m  c o n c e i v e d  by K y t e  and 
D o o l i t t l e , 2 53 t o  show a r e a s  i n  a p r o t e i n  s e q u e n c e  o f  h i g h  
h y d r o p h o b i c i t y  o r  h y d r o p h i 1 i c i t y  ( t h e  f o r m e r  b e i n g  a s s o c i a t e d  w i t h  
1 i p i d  m e m b ra n e s ) .
10 CLEAR 
20 SCREEN 0 
30 CLS
40 INPUT " E n t e r  number  o f  a m in o  a c i d  r e s i d u e s " ; R E S  
50 DIM CODE$(20)
60 DIM HYD(RES)
70 DIM VALUE(20)
80 DIM SEQ$(RES)
90 FOR U=1 TO 20 
100 READ CODE$(U)
110 NEXT U
120 DATA " R " , " K " , " D " , " N " , " S " , " E " , " H " , " Q " , “ T " , " G " , " A " , " P " , " V " , "Y"
130 DATA " C " , " M " , " I " , " L " , " W " , " F "
140 FOR U=1 TO 20 
150 READ VALUE(U)
160 NEXT U
170 DATA - 4 . 5 , - 3 . 9 , - 3 . 5 , - 3 . 5 , - 0 . 8 , - 3 . 5 , - 3 . 2 , - 3 . 5 , - 0 . 7 , - 0 . 4 , 1 . 8 , - 1 . 6  
180 DATA 4 . 2 , - 1 . 3 , 2 . 5 , 1 . 9 , 4 . 5 , 3 . 8 , - 0 . 9 , 2 . 8
190 PRINT " P l e a s e  e n t e r  t h e  code  f o r  each  a m in o  a c i d  f o l l o w e d  by 
ENTER"
200 FOR Z=1 TO RES 
210 INPUT SEQ$(Z)
220 NEXT
230 PRINT " P l e a s e  w a i t  w h i l e  t h e  h y d r o p a t h y  i n d e x  i s  a s s i g n e d  t o  
r e s i  d u e s . "
240 FOR Z=1 TO RES 
250 FOR U=1 TO 20
260 I F  SEQ$(Z)=CODE$(U) THEN LET HYD(Z)=VALUE(U)
270 NEXT U 
280 NEXT Z
290 PRINT " P l e a s e  c h e c k  t h e  f o l l o w i n g  am ino  a c i d  s e q u e n c e . "
300 PRINT " N O . " , "AMINO A C I D " , "HYDROPATHY INDEX"
310 FOR Z=1 TO RES
320 PRINT Z, S E Q $ (Z ) ,H Y D (Z )
330 NEXT Z
340 PRINT " P l e a s e  e n t e r  t h e  number  o f  t h e  i n c o r r e c t  am ino  a c i d , "
350 PRINT " i f  none p l e a s e  e n t e r  ’ O’ " ,
360 INPUT B
370 I F  6=0 THEN GOTO 450 
380 PRINT B,SEQ$(B)
390 PRINT " P l e a s e  e n t e r  c o r r e c t e d  code  f o r  a m in o  a c i d  r e s i d u e " ; B  
400 INPUT SEQ$(B)
410 FOR U=1 TO 20
420 I F  SEQ$(B)=CODE$(U) THEN LET HYD(B)=VALUE(U)
430 NEXT U 
440 GOTO 290 
450 CLS 
460 SCREEN 2 
470 PSET ( 4 0 , 1 1 )
480 DRAW "D144 ;  R560; L560 ;  U72;  R560"
490 LOCATE 1 1 ,4
3 3 0 -
500 PRINT " 0 "
510 LOCATE 2 , 4  
520 PRINT " 5 "
530 LOCATE 2 0 , 3  
540 PRINT " - 5 "
550 LOCATE 2 1 ,6  
560 PRINT " 0 "
570 LOCATE 2 1 , 7 5  
580 PRINT RES 
590 LOCATE 2 1 ,3 5  
600 PRINT IN T (R E S /2 )
610 LOCATE 2 3 ,3 0
620 PRINT "SEQUENCE NUMBER"
630 FOR Z=1 TO RES-4 
640 LET TOTAL=0 
650 FOR U=Z TO Z+4 
660 LET TOTAL=TOTAL+HYD(U)
670 NEXT U
680 LET X = I N T ( ( ( ( 2 * Z + 4 ) / 2 ) / R E 8 ) * 5 6 0 ) + 4 0  
690 LET Y = 8 3 - I N T ( ( T 0 T A L / 5 ) * 1 4 . 3 )
700 I F  Z=1 THEN PSET ( X , Y ) , 4
710 L I N E - ( X , Y ) , 4
720 PSET ( X , Y ) ,4
730 NEXT Z
740 LOCATE 24 ,1
750 INPUT "Would  you l i k e  t o  do a n o t h e r  h y d r o p a t h y  s e q u e n c e " ; Q $
760 i f  Q$="Y" THEN RUN
The s ec on d  p ro g ra m  i s  a l e a s t  s q u a r e s  p r o g r a m  w h ic h  has been 
a d a p te d  t o  ru n  on GWbas ic ,  f r o m  a p r o g ra m  w r i t t e n  by D r . G . J . B u i s t  
o f  t h i s  D e p a r tm e n t .
5 CLS
6 PRINT"ENTER VALUES OF X AND Y, ENTER - 9 9 9  TO TERMINATE DATA
ENTRY"
7 PRINT
10 DIM X ( 1 0 0 )
20 DIM Y ( 1 0 0 )
30 DIM Z ( 1 0 0 )
50 FOR N=1 TO 100 
60 PRINT "POINT N O . " ;N  
70 INPUT "X= " ;X (N )
80 I F  X ( N ) = - 9 9 9  AND N>3 THEN GOTO 190 
90 INPUT "Y= " ;Y (N )
100 I F  Y ( N ) = - 9 9 9  AND N>3 THEN GOTO 190
110 NEXT N
190 LET N=N-1
200 FOR M=1 TO 100
210 INPUT "ANY CORRECTIONS TO X ? ENTER 0 I F  NONE, OTHERWISE ENTER
POINT NO.",-A 
220 LET A = IN T (A )
230 I F  A<0 OR A>N THEN GOTO 210 
240 I F  A=0 THEN GOTO 300 
250 PRINT "X= " ; X ( A )
260 INPUT "CORRECT X= " ; X ( A )
270 NEXT M
300 FOR M=1 TO 100
310 INPUT "ANY CORRECTIONS TO Y ? ENTER 0 I F  NONE, OTHERWISE ENTER
POINT N O . " ;A 
320 LET A = IN T (A )
- 3 3 1 -
330
340
350
360
370
400
410
420
430
440
450
460
470
480
490
500
505
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
750
760
770
780
800
805
810
815
820
825
830
840
999
1000 
1010 
1020 
1030 
1040 
20 0 0
I F  A<0 OR A>N THEN GOTO 310 
I F  A=0 THEN GOTO 400 
PRINT "Y= " ; Y ( A )
INPUT "CORRECT Y= " ; Y ( A )
NEXT M
LET S1=0
LET 82=0
LET 83=0
LET 84=0
LET N5=N
FOR 1=1 TO N
LET S 1 = S 1 + X ( I )
LET S 2 = S 2 + Y ( I )
NEXT I
LET MEANX=S1/N 
LET MEANY=S2/N 
PRINT MEANX;MEANY 
LET 81=0 
LET 82=0 
LET XMAX=X(N)
LET XM IN =X(1)
LET YM IN =Y(1)
LET YMAX=Y(N)
FOR 1=1 TO N 
LET X1=X( I ) -M EANX 
LET Y1 =Y( I ) -M EANY 
LET S1=S1+X1*Y1 
LET 82=S2+X1*Y1 
LET S3=S3+Y1*Y1 
I F  X ( I )>XM AX THEN LET
LET
LET
LET
XMAX=X(I)
X M IN = X ( I )
YMAX=Y( I)
Y M IN = Y ( I )
I F  X d X X M I N  THEN 
I F  Y ( I )>YM AX THEN 
I F  Y d X Y M I N  THEN 
NEXT I
LET SL0PE=S1/S2
LET INTCPT=MEANY-SLOPE*MEANX
FOR 1=1 TO N
LET Y D E V = Y ( I ) - S L O P E * X ( I ) - IN C P T  
LET 84=S4+YDEV*YDEV
NEXT I
LET VA R Y =S 4 / (N 5 -2 )
LET C0EFF=S1/8QR(82*S3)
LET VARS=VARY/S2
LET VARS=VARY*(1/N5+MEANX*MEANX/S2)
CLS 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT
M= " ;S L O P E ;T A B ( 3 0 ) ;  
C= " ; IN T C P T ;T A B ( 3 0 )
S(M)=  ” ;SQR(VARS) 
;SQR(VARI)S(C)
S ( Y ) =  " ;SQ R (VAR Y) ;TAB(30 )  
10000*COEFF+.5)
PRINT
GOSUB 2010
INPUT "ENTER R TO RESTART OR Q TO Q UIT" ;Q $
I F  Q$="Q" THEN STOP
I F  Q$="R" THEN RUN
I F  Q $= "L "  THEN GOTO 2000
STOP
CLS
CORR COEFF= " ; . 0 0 0 1 *  IN T (
332-
2010 PRINT " X ( O B S ) " ; T A B ( 1 0 ) ; " Y ( O B S ) " ; T A B ( 2 0 ) ; " Y ( C A L C ) " ; T A B ( 3 0 ) ;
" Y ( C A L C ) - Y ( O B S ) "
2020 FOR 1=1 TO N
2030 LET Z ( I ) = IN T C P T + S L O P E * X ( I )
2040 PRINT T A B ( 2 ) ; X ( I ) ; T A B ( 1 2 ) ; Y ( I ) ; T A B ( 2 2 ) ; Z ( I ) ; T A B ( 3 2 ) ; Z ( I ) - Y ( I )  
2050 NEXT I  
2060 PRINT 
2060 RETURN
aw iasiw  OF sm stï oiaâiv
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